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A b s t r a c t
Organic photovoltaics (OPV) is one o f the most dynamic and rapidly developing solar cell 
technologies leading to renewable / green energy. OPVs are based on organic semiconductors 
such as conjugated polymers, fiillerenes and other small molecules. Such devices can be 
fabricated by low-cost, roll-to-roll printing techniques by layering extremely thin photo­
active coatings on lightweight, flexible substrates which maybe organic in nature as well. 
Various OPV technologies are being developed in industrial and academic research fields 
where OPVs are on its way to broad commercialisation. To improve the power conversion 
efficiencies (PCEs) further researchers have looked into embedding nano-scale materials in 
OPVs over the last few years. The leading potential candidates being, carbon nanotubes 
(CNTs) and graphene, due to their extraordinary electronic properties and quantum dots with 
their tunable size dependant electronic properties.
In this thesis, the effect o f utilising single walled carbon nanotubes (SWNTs) as hole 
transport layers in bulk-hetero junction (BHJ) OPVs has been studied using a polymer 
wrapping technique o f SWNTs for dispersion purposes. Supramolecular interactions based on 
71-71 Stacking between poly(3-hexylthiophene-2,5-diyl)poly(3-hexylthiophene) (rr-P3HT) and 
SWNTs are exploited to prepare self-assembled networks o f nanohybrid structures for hole 
extraction in OPVs. The effectiveness o f such a network for hole transport is demonstrated, 
with the hole extraction capability shown to be associated with the potential o f  SWNTs being 
hole-doped by the surrounding rr-P3HT sheath.
The OPV device performance parameters obtained using the rr-P3HT/s-SWNT nanohybrid 
structures is comparable to devices fabricated using the much optimised Poly(3,4- 
ethylenedioxythiophene)rpoly(styrenesulfonate) (PEDOTiPSS) hole transport layers. 
Therefore, the nanohybrids are proposed as a potential replacement o f the widely utilised and 
standard PEDOTiPSS hole extraction layers in OPVs which are acidic and known to affect 
the transparent conductive oxide. The maximum PCE o f  devices employing nanohybrid 
HTLs is the best reported for OPVs utilising CNT HTLs to date (PCE ~ 7.6%).
In addition to the use o f SWNTs as HTLs, their use for the fabrication o f hole collecting 
electrodes in OPVs is also discussed. A simple method o f drop casting, thermal annealing and 
acid treatment is introduced in fabricating SWNT electrodes that are chemically and 
mechanically robust. rr-P3HT wrapped electronic type separated SWNTs (i.e. 
semiconducting / s-SWNTs, metallic /  m-SWNTs) are originally used to fabricate the films.
due to the formation o f  uniform, well-dispersed, percolated networks o f  SWNTs resulting 
from polymer wrapping. The original sheet resistance o f the polymer wrapped SWNTs has 
been brought down by ~ 80-90% using HNO3 acid treatment resulting in hole doping o f the 
SWNTs. The results indicate an electronic type selective doping mechanism where the s- 
SWNTs show a higher affinity towards hole doping relative to m-SWNTs.
Subsequently, the doped, highly conductive SWNT films have been employed as semi­
transparent positive electrodes in organic BHJ solar cells for hole collection. Performances o f 
the devices indicate the importance o f  electrode film morphology over the electronic type o f 
the doped SWNTs used in films with similar sheet resistance and optical transmission. The 
device performance characteristics relative to reference ITO electrodes suggest that a 
decrease in roughness o f  the SWNT electrodes could lead to better device performance in 
future.
D e c l a r a t io n
This thesis and the work to which it refers are the results o f my own efforts, other than the 
areas explicitly noted as being conducted collaboratively. The TGA measurements discussed 
in Chapter 5.6 was carried out by Ms. Violeta Doukova, but the analysis is by the author. The 
XPS measurements discussed in Chapter 5.5 and 5.7.1 were carried out by Dr. Hidetsugu 
Shiozawa, Mr. Markus Sauer, Ms. Rosa Georgina Ruiz Soria, Prof. Paola Ayala and Prof. 
Thomas Pichler at the synchrotron beam line UE 52 PGM, Bessy II, Universitat Würzburg, 
but the analysis was done by the author. The PET measurements discussed in Chapter 5.9 
was conducted by Dr. Imalka Jayawardena. Any ideas, data, images or text resulting from the 
work o f others (whether published or unpublished) are fully identified as such within the 
work and attributed to their originator in the text, bibliography or in footnotes. This thesis has 
not been submitted in whole or in part for any other academic degree or professional 
qualification. I agree that the University has the right to submit my work to the plagiarism 
detection service TumitinUK for originality checks. Whether or not drafts have been so- 
assessed, the University reserves the right to require an electronic version o f the final 
document (as submitted) for assessment as above.
G. D. M. R. Dabera 
12/12/2013
III
A c k n o w l e d g e m e n t s
First and foremost, I would like to express my deep gratitude to my supervisor Prof. Ravi 
Silva for his guidance, support and availability despite his very busy schedule. Dr. Damitha 
Adikaari, who was one o f my co-supervisors during the first 18 months o f  my PhD for the 
constant assistance, encouragement and advice given to me. I also thank my co-supervisor 
Dr. Peter Jarowski for the support given whenever I asked for.
My grateful thanks are also extended to Dr. Hidetsugu Shiozawa at the University o f  Vienna- 
Austria for carrying out the synchrotron measurements. Dr. Vlad Stolojan for his assistance 
with STEM measurements. Prof. Jeremy Allam for the opportunity to work in collaboration 
on ultrafast spectroscopic measurements, Ms. Violeta Doukova at the Department o f  Physics 
for her assistance with thermal analysis. I would also like to thank Prof. Timothy Wilkinson 
and Dr. Haider Butt at the University o f  Cambridge for the collaborative work on self- 
assembly processes and liquid crystal displays and especially for inviting me to Cambridge to 
deliver a talk which was a wonderful opportunity given to me as a PhD student.
I wish to thank Dr. Simon Henley, Dr Cristina Guisca, Dr Dave Cox, Dr. Radu Sporea, Mr. 
Tony Corless, Dr. Kostis Michelakis, Dr. Martin Blisset, Mr. John Underwood, Ms. Vijay 
Lakshmi Krishnan and Mr. Chris Buxey and the rest o f the staff at the Advanced Technology 
Institute for their technical assistance and support in numerous ways. I would also like to 
express my great appreciation to the administrative staff at the Advanced Technology 
Institute, especially Ms. Julie Fletcher, Ms. Lynn Tumilty, Ms. Maria Luckett and Ms. Zoe 
Tenger for their help and friendship.
Special thanks should be given to Dr. Lynn Rozanski, Dr. Khue Lai, Mr. Laurent Sam, Dr. 
Abdulla Alshammari, Ms. Sofia Siddique, Mr. John Dear, Mr. Keyur Gandhi, Dr. Charles 
Opoku, Mr. Liam Mccafferty and all the members o f the Nanoelectronics Centre (NEC) for 
the collaborative work and support given throughout.
This work would not have been possible unless the endless support, encouragement, advice 
and assistance given by my colleagues Dr. Imalka Jayawardena and Dr. Aamina Nismy, both 
on and o ff work. Thanks for taking care o f me like my own brother and sister.
I am particularly gratefiil to Mr. Mevan Pieris for creating this wonderful opportunity to 
pursue my PhD at Surrey and for all the advice given throughout the years.
Last but by no means least; I am very grateful to my family for all their love and support. I 
am deeply grateful to my parents for all the encouragement given throughout my life. I would 
not be who I am today if  not for them. I also wish to thank my dearest sister and brother for
iv
their support and love. I am especially thankful to my grandma who was also my first teacher. 
And most o f  all a very special thanks goes to my loving husband, Ranga for the unfailing 
support, continuous encouragement, for being my constant source o f strength both on and off 
work and most importantly for understanding and tolerating me during my PhD.
A b b r e v ia t io n s  a n d  A c r o n y m s
IG Generation
2G 2”*^ Generation
3D 3 Dimensional
3G 3^  ^Generation
4G 4* Generation
A Acceptor
AFM Atomic Force Microscopy
AM Air Mass
BCP Bathocuproine
BE Binding Energy
BHJ Bulk Heterojunction
BSE Back Scattered Electrons
CHA Concentric Hemispherical Analyser
CNT Carbon Nanotubes
CVD Chemical Vapour Deposition
D Donor
DCB Dichlorobenzene
DSSC Dye Sensitised Solar Cells
DTG Derivative Thermogram
Eb Exciton Binding Energy
EDG Electron Donating Group
Ef Fermi Energy
Eg Bandgap
EQE External Quantum Efficiency
Eton Ethanol
EWG Electron Withdrawing Group
FF Fill Factor
FTIR Fourier Transform Infrared Spectroscopy
FWNT Few Walled Carbon Nanotubes
HOMO Highest Occupied Molecular Orbital
HOPG Highly Ordered Pyrolytic Graphite
HTL Hole Transport Layer
ICBA Indene-Côo-bisadduct
ITO Indium Tin Oxide
Jsc Short Circuit Current Density
LUMO Lowest Unoccupied Molecular Orbital
m/s-SWNT Metallic/Semiconducting Single Walled Carbon Nanotubes
MO Molecular Orbitals
m-SWNT Metallic Single Walled Carbon Nanotubes
Mw Molecular Weight
MWNT Multi Walled Carbon Nanotubes
VI
OFET
OLED
OPV
PCôoBM
P C 7 0 B M
PCE
PEDOT iPSS
P T B 7
RMS
rr-P3HT
rr-P3HT/SWNTs
Rs
R sh
SED
SEM
s-SWNTs
SWNT
TGA
TLM
UHV-STM
UV-Vis
VHS
Voc
XPS
Organic Field Effect Transistor 
Organic Light Emitting Diode 
Organic Photovoltaic
[6 .6]-phenyl Cei-butyric acid methyl ester
[6 .6]-phenyl C 71-butyric acid methyl ester 
Power Conversion Efficiency
ploy(3,4-ethylenedioxythiophene)i poly(styrenesulfonate) 
(Poly((4,8-bis[(2-ethylhexyl)oxy]benzo[l,2-bi4,5- 
b '] dithiophene-2 ,6 -diy 1} {3 -fluoro-2 - [(2 - 
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}))
Root Mean Square
Regio Regular Poly(3 -hexylthiophene-2,5 -diyl)
Regio Regular Poly(3-hexylthiophene-2,5-diyl) wrapped
Single Walled Carbon Nanotubes
Series Resistance
Shunt Resistance
Secondary Ion Detector
Scanning Electron Microscopy
Semiconducting Single Walled Carbon Nanotubes
Single Walled Carbon Nanotubes
Thermo Gravimetric Analysis
Transmission Line Method
Ultra High Vacuum -  Scanning Tunnelling Microscopy
Ultraviolet-Visible
Van Hove Singularity
Open Circuit Voltage
X-ray Photoelectron Spectroscopy
VII
P u b l ic a t io n s
Patents
1. Carbon Nanotubes Material, Devices and Methods (United Kingdom 
GB1221826.9), Filed December 4, 2012.
Inventors: Dabera, G.D.M .R.: Jayawardena, K.D.G.I.; Adikaari, A.A.D.T.; Silva, 
S.R.P.
Publications 
Journal Papers:
1. Jayawardena, K. D. G. I.; Rhodes, R.; Gandhi, K. K.; Prabhath, M. R. R.; Dabera, G. 
D. M. R .: Beliatis, M. J.; Rozanski, L. J.; Henley, S. J.; Silva, S. R. P. Solution 
processed reduced graphene oxide/metal oxide hybrid electron transport layers for 
highly efficient polymer solar cells Journal of Materials Chemistry A 2013, 1, (34), 
9922-9927.
2. Dabera, G.D.M .R.: Jayawardena, K.D.G.I.; Prabhath, M.R.R.; Yahya, I.; Tan, Y.Y.; 
Nismy, N.A.; Shiozawa, H.; Sauer, M.; Ruiz-Soria, G.; Ayala, P.; Stolojan, V.; 
Adikaari, A.A.D.T.; Jarowski, P.D.; Pichler, T.; Silva, S.R.P. Hybrid carbon nanotube 
networks as efficient hole extraction layers for organic photovoltaics. ACS Nano 
2012, 7, (1), 556-565.
3. Jayawardena, K.D.G.I.; Rozanski, L.J; Amarasinghe, K.M.P; Prabhath, M.R.R.; 
Dabera, G.D.M .R.: Gandhi, K.K; Han, S.J.; Beliatis, M.J; Henley, S.; Silva, S.R.P. 
Engineering o f interfacial layers for high efficiency polymer solar cells - Submitted 
to Energy and Environmental Science.
4. Rozanski, L.J.; Smith, C. T.G.; Gandhi, K. K.; Beliatis, M. J.; Dabera, G.D.M .R.: 
Jayawardena, K.D.G.I.; Adikaari, A.A.D.T.; Kearney, M.J.; Silva, S.R.P. Increasing 
organic photovoltaic device areas without compromising efficiency - Submitted to 
Progress in Photovoltaics.
Working Papers:
5. Dabera, G.D.M .R.: Prabhath, M.R.R.; Lai, K.T.; Doukova ,V.; Jayawardena, 
K.D.G.I; Sam, F.L.M; Rozanski, L.J.; Adikaari, A.A.D.T.; Jarowski, P.D.; Silva,
VIII
S.R.P. Affinity o f Electronic Type Separated Single Walled Carbon Nanotubes 
towards Hole Doping and Their Use as Anodic Conductors for Energy Harvesting.
6. Dabera, G.D.M .R.; Butt, H.; Wilkinson, T.D.; Silva, S.R.P. Self-assembly of 
polymer coated carbon nanotubes into 3D grid architectures.
7. Khan, A.A.; Butt, H.; Dabera, G.D.M .R.: Malik, Q.; Amaratunga, G.A.J.; Silva,
S.R.P.; Wilkinson, T.D. Enhanced optical scattering from liquid crystals addressed by 
carbon nanotube electrodes.
8. Amarasinghe, K.M.P; Jayawardena, K.D.G.I.; Prabhath, M.R.R.; Dabera, G.D.M .R.: 
Nismy, N.A.; Silva, S.R.P. Effect o f  solution processed and thermally evaporated 
interlayers on the performance o f backgrated polymer solar cells.
9. Jayawardena, K.D.G.I.; Li, S.; Sam, F.L.M.; Smith, C.J.; Beliatis, M.J.; Gandhi, 
K.K.; Prabhath, M.R.R.; Pozegic, T.; Chen, S.; Dabera, G.D.M .R.: Rozanski, L.J; 
Sporea, R.; Mills, C.A.; Guo, X.; Silva, S.R.P. An aqueous inorganic ink for high 
efficiency air stable organic photovoltaics.
10. Jayawardena, K.D.G.I.; Rozanski, L.J; Amarasinghe, K.M.P; Prabhath, M.R.R.; 
Dabera, G.D.M.R.: Gandhi, K.K; Han, S.J.; Beliatis, M.J; Henley, S.; Silva, S.R.P.
Conference Proceedings (Oral):
11. Dabera, G.D.M.R. : Jayawardena, K.D.G.I.; Adikaari, A.A.D.T.; Jarowski, P.D.; 
Silva, S.R.P. Hybrid Carbon Nanotube Networks for Energy Harvesting. 
NanoteC13, United Kingdom from 28 to 30 August 2013.
12. Dabera, G.D.M.R. : Jayawardena, K.D.G.I.; Adikaari, A.A.D.T.; Jarowski, P.D.; 
Silva, S.R.P. Organic Photovoltaics with Efficient Hole Extraction based on Hybrid 
Carbon Nanotube Networks. Symposium B : Organic and hybrid interfaces in 
excitonic solar cells: from fundamental science to applications o f the E-M RS 2013 
Spring Meeting, Strasbourg, France from May 27 to 31, 2013.
13. Dabera, G.D.M .R.: Prabhath, M.R.R.; Jayawardena, K.D.G.I.*; Rozanski, L.J; 
Adikaari, A.A.D.T.; Jarowski, P.D.; Silva, S.R.P. Semi-transparent Electrodes 
Based on Organic-inorganic Hybrids for Opto electronics. Symposium D: 
Nanostructure Materials for Solar Energy Conversion. ICMAT13: 7^  ^
International Conference in Materials for Advanced Technologies, Singapore 
from 30 June to 5 July 2013.
IX
14. Dabera, G.D.M .R.: Jayawardena, K.D.G.I. ; Prabhath, M.R.R.; Adikaari, A.A.D.T.; 
Jarowski, P.D.; Silva, S.R.P. Nanohybrids: A Replacement Hole Extraction Layer 
for PEDOTiPSS. Symposium G: Carbon Nanotubes and Graphene: Synthesis, 
Functionalisation and Applications. ICMAT13: 7^ *’ International Conference in 
Materials for Advanced Technologies, Singapore from 30 June to 5 July 2013.
Conference Proceedings (Poster):
15. Dabera, G.D.M .R.: Jayawardena, K.D.G.I.; Adikaari, A.A.D.T.; Jarowski, P.D.; 
Silva, S.R.P. Polymer Wrapped Single Walled Carbon Nanotubes as a Transparent 
Electrode for Large Area Opto-Electronics. Symposium D: Advanced inorganic 
materials and structures for photovoltaies o f the E-MRS 2013 Spring Meeting, 
Strasbourg, France from May 27 to 31, 2013.
16. Dabera, G.D.M .R.: Jayawardena, K.D.G.I.; Adikaari, A.A.D.T.; Jarowski, P.D.; 
Silva, S.R.P. High Efficiency Tnorganics-in-Organics’ Hybrid Carbon Nanotube 
Solar Cells. Hybrid organic-inorganic nanomaterials for functional devices: 
processing and metrology: National Physics Laboratory, United Kingdom, 2013.
17. Dabera, G.D.M .R.: Jarowski, P.D.; Silva, S.R.P. Self-assembled hybrid carbon 
nanotube networks for OPVs. Advances in Photovoltaics 2012: Institute o f Physics, 
London, United Kingdom.
18. Dabera, G.D.M .R.: Jarowski, P.D.; Silva, S.R.P. Polymer Wrapped Carbon 
Nanotubes as a Transparent Electrode for Large Area Optoelectronics, 3*^*^ Annual 
PGR Conference, University o f Surrey, United Kingdom, 2013.
Invited Talks:
19. Seminar Talks at the Centre o f M olecular Materials for Photonics and Electronics 
(CMMPE), University of Cambridge -  February 2013
Title: Organic Photovoltaics with Efficient Hole Extraction based on Hybrid Carbon 
Nanotube Networks.
X
T a b l e  o f  Co n t e n t s
Abstract..............   i
Declaration.............................................................................................................................................. iii
Acknowledgem ents............................................................................................................................... iv
Abbreviations and A cronym s............................................................................................................vi
Publications..........................................................................................................................................viii
Table o f Contents.................................................................................................................................. xi
Chapter 1
Introduction.............................................................................................................................................1
1.1 Photovoltaics................................................................................................................................ 1
1.2 Generations o f  Photovoltaics...................................................................................................2
1.3 O bjectives.........................................................................................................................   4
1.3 Organisation o f  The T hesis...................................................................................................... 5
Chapter 2
Organic Photovoltaics............................................................................................................................6
2.1 Solar C e lls .....................................................................................................................................6
2.2 Developm ent o f  P ho tovo lta ics ................................................................................................6
2.3 Physics o f  Solar C e l ls ..................................................   9
2.3.1 p-n junction ..............................................................................................................................9
2.3.2 Diode equation and basic photovoltaic m odel................................................................ 11
2.3.3 Detailed Photovoltaic M odel..............................................................................................13
2.4 Organic Pho tovo lta ics............................................................................................................. 15
2.4.1 Types o f Junctions in Solar C e lls ......................................................................................15
2.4.1.1 Single Layer O P V s........................................................................................................... 15
2.4.1.2 Double Layer OPVs.......................................................................................................... 16
2.4.1.3 Bulk Heterojunction O PV s..............................................................................................17
2.4.2 Device Physics o f BHJ solar ce lls ..................................................................................20
2.4.2.1 Absorption o f  L ig h t..........................................................................................................21
2.4.2.2 Generation o f Excitons.................................................................................................... 21
2.4.2.3 Diffusion o f Excitons................... '....................................................................................22
2.4.2.4 Dissociation o f Excitons at the Donor-Acceptor Interfaces.....................................22
2.4.2.5 Charge Transport towards The Electrodes................................................................... 23
2.4.2.6 Collection o f Charges at The E lectrodes......................................................................23
XI
2.4.3 Materials for O PV s............................................................................................................23
2.4.3.1 Electron Donating M aterials...........................................................................................24
2.4.3.2 P3H T................................................................................................................................... 26
2.4.3.3 PT B 7................................................................................................................................... 28
2.4.3.4 Electron Accepting M aterials.........................................................................................29
2.4.3.5 PC70B M ...............................................................................................................................30
2.4.3 .6 Charge Extraction L ayers............................................................................................... 31
2.5 Carbon Nanotubes in Organic Solar C e lls ............................................................................ 33
2.5.1 Carbon NANOTUBES AS FRONT Electrodes.............................................................33
2.5.2 Carbon NANOTUBES AS Hole Transport L ayers.......................................................33
2.5.3 Carbon NANOTUBES in The Active L ayer.................................................................. 34
2.5.4 Carbon NANOTUBES as Counter E lectrodes...............................................................35
2.6 Sum m ary......................................................................................................................................36
Chapter 3
Helical Polymer Wrapping of Regio Regular Poly(3-hexylthiophene-2,5-diyl) on SWNTs 
.................................................................................................................................................................... 37
3.1 Carbon N ano tubes....................................................................................................................37
3.2 Functionalisation o f carbon nanotubes................................................................................... 39
3.2.1 Chemical Functionalisation o f carbon nanotubes.............................................................39
3.2.2 Non-Chemical Functionalisation o f carbon nanotubes....................................................40
3.3 rr-P3HT Helical Wrapping o f Carbon N anotubes...............................................................40
3.3.1 Synthesis o f  N anohybrids..................................................................................................... 40
3.4 Structure and Origin o f  rr-P3HT Helical Formation on Carbon N anotubes  ............ 41
3.5 Dynamics o f rr-P3HT Wrapping o f Carbon N anotubes.....................................................47
3.6 Charge Transfer in rr-P3HT/SW NT Complexes.................................................................. 48
3.7 Sum m ary......................................................................................................................................50
Chapter 4
Experimental Techniques...................................................................................................................51
4.1 In troduction................................................................................................................................ 51
4.2 Optical Characterisation............................................................................................................ 51
4.2.1 UV-Vis-NIR Spectroscopy.................................................................................................51
4.2.1.1 Beer-Lambert’s L aw .........................................................................................................51
4.2.1.2 Types o f Electronic Transitions......................................................................................52
4.2.1.3 UV-Vis-NlR Spectrom eter............................................................................................. 54
4.2.2 Raman Spectroscopy......................................................................................................... 55
4.2.2.1 Raman Scattering............................................................................................................. 55
4.2.2.2 Micro Raman Spectrometer........................................................................................... 56
Xll
4.2.3 FTIR Spectroscopy.............................................................................................................57
4.2.3.1 Vibrational M odes............................................................................................................57
4.2.3.2 FTIR Spectrom eter...........................................................................................................58
4.2.4 X-ray Photoelectron Spectroscopy (X P S ).......................................................................60
4.2.4.1 Principles o f  XPS A nalysis...........................................................................................60
4.2.4.2 X-ray Photoelectron Spectrometer.................................................................................62
4.3 Atomic Force Microscopy (A FM )..........................................................................................64
4.4 Thermo Gravimetric Analysis (TG A ).................................................................................... 66
4.5 Transmission Line Method (T L M ).........................................................................................67
4.6 Fabrication and Characterisation o f  OPV D e v ices ......................................................... 69
4.6.1 Standard Solar Spectrum ....................................................................................................69
4.6.2 Current-Voltage Characteristics...................................................................................... 72
4.6.3 Measurement o f External Quantum Efficiency (EQE)................................................. 73
4.7 Sum m ary......................................................................................................................................74
Chapter 5
Synthesis and Characterisation o f rr-P3HT Wrapped Semiconducting Single Walled 
Carbon Nanotube Nanohybrids........................................................................................................76
5.1 In troduction................................................................................................................................ 76
5.2 Synthesis o f  N anohybrids...................................................................................................... 77
5.3 Nature o f  nanohybrid film s.................................................................................................... 78
5.4 Nanoscale ordering o f  P3HT through nanotube tem plating e ffe c t............................. 79
5.5 Enhanced electron delocalisation through polymer wrapping...........................................82
5.6 Thermal Analysis o f  The Nanohybrids.................................................................................. 84
5.7 Charge Transfer Process Between rr-P3HT and s-SW N Ts............................................... 86
5.7.1 XPS A nalysis........................................................................................................................ 86
5.7.1.1 Charge Transfer M echanism........................................................................................... 87
5.7.2 Raman A nalysis...................................................................................................................89
5.8 Extent o f  charge delocalisation through nano tubes........................................................ 90
5.9 Evidence for Hole Doping Based on Electrical M easurem ents...................................91
5.10 Effect o f  Nanohybrids on the Dissociation o f  Photogenerated E xc itons................94
5.11 Sum m ary .................................................................................................................................. 96
Chapter 6
rr-P3HT/s-SWNT Nanohybrids as Highly Efficient Hole Extractors in O P V s.................98
6.1 Introduction................................................................................................................................ 98
6.2 Optimisation o f  the N anohybrid Layer Thickness for H T L s ....................................... 99
6.3 Transparency o f  N anohyb rid s.............................................................................................103
6.4 Optimisation o f  device performance using nanohybrid H T L s................................... 104
Xlll
6.5 Com parison o f  The Effectiveness o f  N anohybrid HTLs with PED O T iPSS 106
6 .6  M echanism o f  Charge E xtraction.......................................................................................109
6.7 Enhanced Efficiencies through Incorporation o f  Low Bandgap Polymers in the 
A etive L ayer....................................................................................................................................110
6 .8  Com parison o f  Efficiency with PED O TiPSS................................................................. 113
6.9 EQE Dependence with the Active Layer T h ickness..................................................... 116
6.11 Hole M obilities o f  the Solar Cells based on Hole Only D e v ic e s ........................... 120
6.12 Sum m ary ................................................................................................................................ 123
C hap ter 7
Hole Doping o f E lectronic Type Separated  Single W alled C arbon N anotnbes and  T heir 
Use as A nodic C onductors for Energy H arv estin g .................................................................. 125
7.1 In troduction.............................................................................................................................. 125
7.2 Fabrication o f  SW NT E lectrodes .......................................................................................126
7.3 Structural and Chemical Changes M ade During the Fabrication Process o f  
E lectrodes........................................................................................................................................ 127
7.4 Intercalation Induced Conductivity Enhancem ent o f  SWNTs by H N O 3 A c id  129
7.5 M echanism o f  Hole Doping o f  SWNTs by H N O 3 ........................................................ 131
7.6 Suitability o f  PEDOTiPSS as a Hole Transport Layer for SW NT Electrode 
Incorporated O P V s ....................................................................................................................... 133
7.7 Fabrication o f  OPVs with Sem i-Transparent Doped SW NT Front Electrodes ....135
7.7.1 Appearance o f  S-Shaped C u rv e s .............................   138
7.7.2 A Com parison o f  Device Perform ance Based on The Type o f  The SW NT 
Electrodes...................................................................................................................................... 140
7.8 Enhancem ent o f  Device Performance through Improved Conductivities o f  SW NT 
E lectrodes........................................................................................................................................ 143
7.8.1 Optim isation o f  The HTL Layer T h ickness.............................................................. 143
7.8.2 Optim isation o f  The ETL T h ickness...........................................................................145
7.8.3 Com parison o f  Types o f SWNT Electrodes in D evices.........................................147
7.9 Device Perform ance with Thicker SW NT E lectrodes..................................................150
7.10 A Com parison with L iterature.......................................................................................... 151
7.11 Sum m ary .................................................................................................................................154
C hap ter 8
Conclusions and F u tu re  W o rk ........................................................................................................156
8.1 C onclusions....................................................................  156
8.1.2 Efficient Hole Extraction o f  Nanohybrid HTLs in O P V s..................................... 156
8.1.3 Selective Hole Doping o f  SWNTs by Acid Treatment and The Use as Hole 
Collecting Transparent Electrodes in O P V s  .........................................................157
8.2 Future W ork ............................................................................................................................. 158
8.2.1 Self-Alignm ent o f  Nanohybrids into a Grid A rch itectu re .................................. 158
xiv
8.2.2 Exciton Dynamics o f  Charge T ransfer....................................................................... 159
8.2.3 N egative charge Transfer From SW NTs to rr-P 3 H T ............................................. 159
8.2.4 Incorporation o f  Carbon Nanotubes in Solar Cell Active L a y e rs ........................ 159
R eferen ces...................................................................................................................................... 160
XV
Ch a p t e r  1  
In t r o d u c t io n
1 .1  P h o t o v o l t a ic s
Since the dawn o f  time, man has been charmed by the sun, the provider o f  energy sustaining 
all life forms on earth. Solar power can be converted into power anywhere on earth 
irrespective o f external faetors as long as there is adequate sun light. Unlike other energy 
generating systems, solar cells; devices which convert the solar radiation to electricity often 
do not contain highly toxic materials (such as radioactive materials) nor generate toxic fumes 
and are silent in operation.^ Also the reliability and ease o f use adds value to photovoltaics 
(PV) paving the way to replace the widely used but scarce fossil fuels in years to come. Solar 
energy is the most abundant, sustainable energy source which is freely available for 
utilisation that stands as the most promising solution to the greatest challenge o f the modem 
era; global warming and climate change.^
The most popular solar cell since its inception is the inorganic solar cell (eommercialised in 
1955) which utilises inorganic semiconductors as the photoactive material and metals as 
electrodes for charge extraction and collection.^ Despite the high efficiencies o f the inorganic 
solar cells (-45%  by the year 2013),^ the high costs involved in material purification and 
fabrication techniques in early years led to investigations on replacing inorganic solar cells 
with organic PVs (OPV) with the aim o f fabricating low cost, printable, portable and flexible 
solar cells.^ Organic bulk heterojunction (BHJ) PVs based on photoactive electron donating 
(D) and electron accepting (A) materials offers promise for development o f OPVs with 
efficiencies sufficient for commercialisation o f  large area photovoltaic systems. Much 
attention has been placed in designing OPVs which utilise only organic materials in the entire 
device architecture replacing all inorganic counterparts used including the metal electrodes 
with potential substitutes being carbon nanotubes and graphene.'^’ ^
Over the past decade PV technology has grown at a remarkable rate.^ At the end o f  2009 the 
world’s cumulative installed PV capacity was -2 4  GW. In 2010 it was 40.7 GW and at the 
end o f 2011 it was 71.1 GW. In 2012 more than 100 GW o f  PVs have been installed globally 
which is an amount capable o f producing -110  TWh o f  electricity annually. The evolution o f 
globally installed PV capacity (MW) from 2000-2012 is shown in fig. 1.1.
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Figure 1.1. The evolution of globally installed PV capacity (MW) for electricity 
generation from 2000-2012. (Source: Ref. 6 )
1 .2  Ge n e r a t io n s  o f  P h o t o v o l t a ic s
From the introduction o f the first silicon solar cell to market in 1955^ the PV technology has 
gone through several stages o f developments which has led to the classification o f solar cells
into four major components; generation (IG ), 2"^ generation (2G), 3™ generation (3G) and,rd
4^  ^generation (4G).
The IG solar cells comprised o f thick crystalline silicon which generate high power 
conversion efficiency (PCE) solar cells with a high cost o f fabrication. The associated high 
cost was mainly due to silicon purification and the use o f large quantities o f materials in the 
device. The 2G o f solar cells were then introduced to overcome the cost barrier using thin 
films o f light absorbing materials for power generation.' Some o f the popular inorganic 
materials utilised were polycrystalline silicon, amorphous silicon and CdTe. Although the 
cost o f solar cells was brought down, the performance o f the devices were relatively poor due 
to the inefficient light absorbance by the use o f thin inorganic material films.'
The 3G solar cells utilised multijunction / tandem structures based on inorganic III-V 
materials such as InGaP/GaAs/InGaAs^ with the aim o f enhancing the device performance 
than their 2G counterparts while maintaining a low cost o f production.^ Organic thin film
solar cells based on conjugated polymers, small molecules and fiillerenes also fall into the 
category o f  3G considering the low cost o f production due to the use o f  organic materials.^ 
The low production cost, solution processability, printability, high absorption coefficients and 
flexibility attracted a great deal o f  attention to organie solar cells.''' The two most promising 
organic solar cell architectures in this generation are dye sensitized solar cells (DSSC) and 
bulk heterojunction (BHJ) solar cells.^’"  However, to-date the PCEs remain relatively lower 
in comparison to high performance inorganic solar cells.^
To further improve the deviee PCEs, inorganic nanoparticles, quantum dots and carbon 
nanotubes (CNTs) were embedded in organie PV structures'^’'^’'"' which introduced the 4G o f 
solar cells.^ The use o f nanomaterials have shown promising results in inereasing the PCEs 
by improving light harvesting cross sections, charge dissociation and charge transport.^ In 
addition, the incorporation o f nanomaterials have been reported to increase the device 
lifetimes as well.'^
1 .3  O r g a n ic  S e m ic o n d u c t o r s
All organic semiconducting materials (polymers, small molecules) consist o f  a tü conjugated 
eleetron system, where the charge conduction properties rely on the nature o f the conjugated 
system. For a system to be considered as n conjugated, single and double bonds are present in 
an alternating fashion where the C atoms are sp^ hybridised. The 3 sp^ hybridised orbitals (per 
C atom) lie in plane in a trigonal planar geometry where the unhybridised P^ orbital lie 
perpendicular to the plane o f the sp^ orbitals. In a tt conjugated system, the interactions 
between the unhybridised P% orbitals give rise to bonding ( t t )  and anti-bonding (n*) molecular 
orbitals. The lowest energy 7ü-bonding orbital is named the “highest occupied molecular 
orbital (HOMO)” and the tt*-anti-bonding orbital is named the “lowest unoccupied molecular 
orbital (LUMO)”.'^ The energy difference between the HOMO and the LUMO level is 
considered as the bandgap o f  a particular molecule which determines the optical absorption 
properties (wavelength at whieh optical absorption occurs (A m a x )) .
The 71 conjugation length or the degree o f n conjugation within an organic material has a great 
impact on the electrical properties o f the material. The greater the conjugation length, more 
electron delocalisation occur, enhancing the mobility o f  charges through the n bonding 
system. The overall charge transport in an organic material depends on two factors; (i) intra­
molecular charge transfer and (ii) inter-molecular charge transfer processes. The nature o f  the 
7T conjugated system plays a major role in intra-molecular charge transfer while the 
interactions between the organic molecules within the system govern the inter-molecular
charge transfer processes. However, the inter-molecular charge transport is greatly limited by 
the weak interactions present within organic molecules which are supramolecular in nature 
( tt-  n and van der Waals type). Intermolecular eharge transport typically occurs through 
tunnelling/hopping processes where the charges transfer between neighbouring molecules 
with a finite probability. Therefore, the orientation o f  molecules within a material is vital for 
effective hopping processes and thus, the charge carrier mobility is higher for well-ordered 
crystalline materials in comparison to less ordered/disordered materials.'^
1 . 4  O b je c t iv e s
A typical BHJ organic solar cell consists o f a transparent hole collecting electrode (ITO), a 
hole transport layer that preferentially extracts holes while blocking the eleetrons, the active 
layer which contains light absorbing materials, an electron transport layer and a back 
electrode (Al). Over the years Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOTiPSS) has been used as the most common hole transport layer (HTL) in organic BHJ 
solar cells.'^'^" PEDOTiPSS, despite its solution processibility, high transparency in the 
visible region o f  the solar spectrum and high hole conductivity is known to be detrimental to 
the device performance due to its hygroscopicity and acidity.^’ Therefore, during the
past few years, attempts have been made to substitute the PEDOTiPSS HTLs with different 
organic polymers, metal oxides and carbon nanotubes.^
In order to be solution processable, carbon nanotubes require to be dispersed in a suitable 
solvent. While numerous techniques exists, the popular methods for dispersion o f  nanotubes 
often rely on covalent functionalisation o f nanotubes to aid in the dispersion o f the material at 
the cost o f degrading some o f its electronic properties.'^"'’ In this thesis, the use o f  regio 
regular poly(3-hexylthiophene-2,5-diyl) (rr-P3HT) wrapping o f  semiconducting SWNT (rr- 
P3HT/S-SWNT) films has been attempted and the resulting films have been tested as a 
potential alternative HTL in organic photovoltaics (OPVs).
Another principle issue in fabrication o f OPVs is the use o f indium tin oxide (ITO) as the 
transparent contact. The non-flexibility / fragility o f ITO and scarcity o f  indium have led to 
intensive research on finding substitutes based on CNTs, graphene, conducting polymers, 
metal nanowires, metal oxides, etc.^^’^^
In this regard, CNTs play an important role due to the remarkable properties o f flexibility, 
fine tunability o f conduction and/or transmission, low cost fabrication for coating o f  thin 
networks based on roll-to-roll processing. However, the performance o f these electrodes in 
solar cells has so far been poor compared to the much popular ITO.^^'^^ This has led to the
development o f  several functionalisation techniques, chemical and mechanical pre and post 
treatment processes to improve the performance o f CNT films as electrodes.^"'^"'
In this thesis, a method o f increasing the conductivity and optical transmission o f electronic 
type separated SWNTs has been studied and the use o f the eonductivity enhanced SWNTs as 
hole collecting electrodes have been investigated.
1 .5  O r g a n is a t io n  o f  T h e  T h e s is
Following the introduction (Chapter I), Chapter 2 presents the background o f the history o f 
development o f  solar cells, device physics and fundamental processes o f  both inorganic and 
organic solar cells, materials used in BHJ solar cells and the use o f CNTs in organic solar 
cells. Chapter 3 describes different types o f functionalisation processes o f  CNTs and a study 
o f rr-P3HT wrapping o f  CNTs. The experimental techniques used in this work are discussed 
in Chapter 4. Chapter 5 is an analysis o f the properties (optical and electrical) o f rr-P3HT/s- 
SWNT nanohybrids and the use o f nanohybrids as HTLs in solar cells is described in Chapter
6 . Chapter 7 is a study o f the utilisation o f HNO3 doped type separated SWNTs as hole 
collecting electrodes in solar cells. Chapter 8 summarises the conclusions o f the thesis and 
suggested future work.
Ch a p t e r  2  
O r g anic  P h o t o v o l t a ic s
2 .1  S o l a r  Cells
A solar cell is a device that converts the energy o f light directly into electricity. The 
photovoltaic effect is the creation o f an electric current in a material, upon its exposure to 
photons.^^ When light is absorbed by materials with a bandgap, electrons are excited to 
higher energy states within the material. However, the excited electrons relax back to the 
ground state within a very short period o f time, a process termed recombination. In a 
conventional inorganic photovoltaic device, the built-in asymmetry o f  the device separates 
the excited charges which are then extracted away to an external circuit before they relax to 
the ground state.^^
Current
4
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Figure 2.1. A schematic of a classical p-n junction solar cell illustrating the photovoltaic 
effect where light is converted to electricity.
2 .2  D e v e l o p m e n t  o f  P h o t o v o l t a ic s
The Photovoltaic effect was first reported by Edmund Bequerel as a result o f an 
electrochemical experiment carried out in 1839.^^ He observed the generation o f a current in 
silver chloride or silver bromide coated platinum electrodes immersed in an aqueous solution 
when illuminated with light.'
In 1877, Adams and Day discovered the photovoltaic effect in a purely solid state device, 
based on the findings o f photoconductivity o f solid selenium by Smith in 1873.' However, 
the observed photovoltaic effect in a selenium rod with two platinum contacts was believed to 
be due to light induced recrystallisation o f selenium which was incorrect.' The first practical
photovoltaic device consisting o f  a thin layer o f  selenium sandwiched between an iron base 
plate and a semi-transparent gold top layer was constructed by Charles Fritts in 1883 to use as 
a light m eter.' In 1920, Case developed a solar cell based on thallium sulphide and in 1927, 
Grondahl and Geiger developed a copper oxide cell.'
The solar cells discussed above are described as barrier layer cells as they contain an 
electrical barrier that is highly resistant to current flow in one direction, i.e., a rectifying 
junction (Schottky barrier).'’ Such rectifying contacts are created when a junction is formed 
between a metal and a semiconductor having different work functions as explained by 
Schottky (in 1938), Davydov and Mott (in 1939). However, the effieiencies o f these cells 
were well below 1%. Despite their low efficieneies, photometers based on selenium were 
commercialised in the 1930s in Germany and are still being used.
Russel Ohl, a metallurgist at Bell Telephone Laboratories in New Jersey is considered as the 
father o f modem photovoltaic cells. In 1941 he observed that crystallisation o f a melt o f 
commercial high purity silicon produced a well-defined barrier having a high photovoltaic 
response. This barrier is a p-n junction formed as a result o f  unequal distribution o f impurities 
as the silicon crystal formed from the m elt.' These p-n junctions produced much better 
rectifying action than Schottky barriers and better photovoltaic behaviour.^^
The first silicon solar cell was reported by Chapin, Fuller and Pearson in 1954 and the 
efficiency o f the cell was 6%.^^ Due to the high production cost ($200 per Watt) these solar 
cells were not seriously considered for power generation for several decades. However, 
silicon solar cells were used in satellites as the requirements o f  reliability and low weight 
made the cost o f the cells unimportant. During the 1950s and 60s silicon solar cells were 
widely developed for applications in space.'’
There have been many enhaneements to silieon eells over the past decades to improve the 
efficiency. Textured front surfaces for better light absorption, extremely thin films with back 
surface reflectors to enhance internal light trapping and passivated cell surfaces to reduce 
recombination effects are a few e x a m p le s .B y  2013 the highest measured efficiency for a 
large area (designated illumination area = 4 cm^) crystalline silicon solar cell stands at 25%.^ 
When terrestrial applications o f crystalline silicon technology began to emerge, effort was 
made to develop semiconductors other than silicon in order to make thin film polycrystalline 
devices with a lower cost and better light absorption properties.' The first thin film PV device 
was a copper sulphide/cadmium sulphide (p-Cu2S/«-CdS) heterojunction (efficiency 6 %), 
made in the form o f a single crystal by Reynolds et al. (1954) and in thin film form by 
Carlson (1956).' Thin film devices excited mueh interest because o f its ease o f manufacture
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and low intrinsic costs. The drawbacks o f these cells were their poor stability arising from the 
high difflisivity o f copper and the difficulties in making Ohmic contacts to Cu2S.  ^ To 
overcome the above mentioned problems, small amorphous hydrogenated silicon (a-Si:H) PV 
panels o f sufficient efficiency to power small consumer goods such as watches and 
calculators were commercialised by the early 1980s.' The highest efficiency reported up to 
date for multijunction amorphous silicon solar cells is 13% .'’^^
Nevertheless, two other thin film materials, cadmium telluride (CdTe) and copper indium 
diselenide (CuInSe2) are potential candidates to compete with the amorphous silicon market. 
In the 1970s, single crystal «-CdS//?-CdTe cells o f up to 8% efficiency had been prepared by 
various scientists although polycrystalline CdTe based devices developed later on led to 
much improved performance.' The advantages o f  fabricating PVs with CdTe and CdS are 
their ease o f  deposition in the form o f  thin films by sublimation, vapour deposition and 
electrodeposition.' A highest efficiency o f  19.6 % has been reported for CdTe solar cells with 
an aperture area o f 1 cm^.^
Gallium Arsenide (GaAs) has been another semiconductor o f interest since 1950s. A PV 
effect in a GaAs p-n homojunction was first reported by Welker (1954) followed a year later 
by Gremmelmaier using polycrystalline GaAs (-1%  e ff ic ie n c y ) .T h e  first efficient (>6%) 
GaAs based device was the monocrystalline p-n  cell made by Jenny et a l  in 1956.^^ GaAs 
has attracted more attention on space applications and is a highly promising material for 
efficient solar cells.
Investigations into further efficiency improvement toward the end o f the 20"^ century turned 
to the development o f solar cells with novel and advanced concepts such as multiple junction 
cells (tandem cells) and concentrator cells.^^ Multijunction devices are designed in such a 
way that three or more materials with different band gaps are connected in series to absorb a 
maximum range o f photons fi-om the solar radiation. The up-to-date reported highest 
efficiency solar cell is a multijunction device comprising o f InGaP/GaAs/InGaAs with a 
confirmed efficiency o f 37.9% under a total device area o f  1 cm^.^
However, designing and fabrication o f  large area multijunction III-V cells are very costly. 
Therefore, to reduce the overall cost o f production, solar concentrators are being used, where 
a lens or a mirror is used to decrease the required cell area by concentrating light onto solar 
cells.^^
2 .3  P h y sic s  o f  S o l a r  Cells
2.3 .1  P-N JUNCTION
Inorganic semiconductors are heavily used in conventional photovoltaics as the light 
harvesting material. Group IV elements such as Si and Ge are the most widely used 
semiconducting materials which are photoactive materials that has properties in-between 
metals and insulators. A p-n junction diode is the building block o f an inorganic solar cell and 
if a Si solar cell is considered, p-n junctions are formed between p- and n-doped Si where 
holes and electrons are in excess respectively.^^’
The highly doped p-region and n-region is formed by placing a group III or group V material 
into the silicon respectively. Upon light absorption, photo generated charge carriers are swept 
across the material due to the built in potential created by the p-n junction which converts the
energy from light into electrical energy, 
given in fig. 2 .2 .
37.38 A schematic representation o f a p-n junction is
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Figure 2.2. A schematic representation of a basic p-n junction indicating the p and n 
regions with the directions of electron and hole diffusion and drift currents represented 
in arrows.
When the p-type and n-type regions are in contact, electrons start diffusing from n-region to 
p-region leaving positively charged donor centres on n-region whereas holes diffuse from p- 
region to n- region leaving negatively charged acceptor centres on p- region. This carrier 
movement causes a current called the diffusion current and the new region created at the 
interface is called the space charge region or depletion region since it is depleted o f free 
carriers. An electric field is then created in the depletion region by the fixed charges in p and 
n regions which stop the continuous flow o f the diffusion current. This electric field is built
up to a value that slows down the diffusion process and an equilibrium condition is attained 
and the resulting built-in potential is Vbi. Minority carriers which reach the edge o f the 
depletion region due to diffusion are swept across the junction to the other side by the electric 
field in the depletion region. This movement o f charge carriers due to the electric field creates 
a current called the drift current. A t equilibrium, the diffusion current equals the drift current 
and at that point there is no net current output from the device.^^’
When the diode is biased with an external electric field such that a positive voltage is 
supplied to the p-region the diode is called forward biased and when a negative voltage is 
applied to the p-region the diode is reverse biased. When the diode is forward biased, as the 
external electric field opposes the in-built electric field, the electric field at the junction is 
reduced decreasing the depletion region width. This reduction in the electric field disturbs the 
equilibrium existing at the junction. The low electric field reduces the barrier height for the 
transport o f  carriers from one side to the other increasing the drift current. While the drift 
current increases the difftision current remains unchanged as the difftision current mainly 
depends on the concentration o f minority carriers. At a certain point o f  applied electric field, 
the net electric field across the junction becomes zero, allowing the ftill flow o f difftision 
current. The applied voltage corresponding to this zero net electric field is the same as Vm 
stated above. Beyond this voltage the current flows exponentially since there is no barrier and 
no net electric field.
The opposite happens when a diode is reversed biased with an increase o f  the electric field at 
the junction increasing the depletion layer width. When the electric field across the junction 
is increased the diffusion current also decreases. Therefore, under reverse bias conditions 
there is no current flow caused by the majority carriers but a very small amount o f  current 
due to the small number o f minority carriers crossing the junction due to thermal motion. The 
p-n junction breaks at a certain voltage where the electric field is pushed beyond a critical 
value, allowing a large current flow through the diode. This critical voltage is called the 
breakdown voltage o f the diode. The most important point about the p-n junction is its ability 
to offer very little resistance to current flow in the forward bias but the maximum resistance 
to the current when reverse biased.
10
+I
R everse BiasBreakdown Forward Bias
Forward
Current
-V
Leakage
Current
Avalanche
Current
I
Figure 2 .3 .1-V characteristics of a p-n junction indicating forward bias and reverse bias 
modes of the diode where Vo is the turn-on voltage.
2.3.2 D io d e  e q u a t i o n  a n d  b a s ic  p h o t o v o l t a i c  m o d e l
The net current through the diode varies according to the applied voltage. Equation 2.1 
explains the dependence o f current through a diode as a function o f the applied voltage. This 
equation has been derived starting from considering the equilibrium carrier concentrations.
38
= [exp (£ f)  - (2.1)
Where,
I  - Net current flowing through the diode 
I  g - Reverse saturation current 
V - Applied voltage across the terminal o f the diode 
q - Value o f the electric charge 
K  - Boltzmann constant 
T - Absolute temperature 
n - Ideality factor
This equation is valid for both forward and reverse currents. For reverse bias, voltage 
becomes negative and makes the exponential factor zero. Then the equation becomes.
1 =  - L (2J)
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Under the presence o f an optical stimulus, photons are absorbed to create electron-hole pairs. 
With no external bias, same charge separation mechanism occurs at the depletion region. 
Eleetron-hole pairs generated from the depletion region are swept by the built-in field across 
the depletion region. This produces a current in the opposite direction and is called photo 
current (/ge«). Then the equation becomes.
= l“ p ( S  - 1 -  I,gen (2*3)
The illuminated junction can produce a terminal voltage at zero current. This is called the 
open circuit voltage (Voc) and this effect is known as the photovoltaic effect. An expression 
for Voc can be obtained from equation 2.3 by setting 1=0.
kT ,
Voc -  —
/gen » » >
'gen + 1
Voc = ! ^ l n9
'gen (2.4)
Similarly, the other solar cell output parameter, short circuit current (Isc) is obtained by 
setting V=0 in equation 2.3. In equation 2.5 the minus sign indicates the direction o f Isc-
h e  -  —f gen (2.5)
(A)
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Figure 2.4. Equivalent circuit for an ideal (A) and a real (B) PV device. Parameters Igen, 
Id, V, I, Rs and R sh represent photogenerated current, leakage current/dark current, 
voltage across the load, load current, series and shunt resistances respectively.
The equivalent circuit diagram for an ideal PV device is shown in figure 2.4(A). In this 
diagram, the current generated by the photons is represented by an independent source. But in 
a real PV device, parasitic effects such as shunt (Rsh) and series (Rs) resistances have to be 
accounted for in the equivalent circuit and the modified circuit is shown in figure 2.4(B).^^ Rs 
is the summation o f the bulk resistance of the active material, the contact resistance between 
the active material-terminal interfaces and resistances o f the terminals. Rsh can be understood
1 2
as the resistance against the leakage current through the diode. To achieve ideal device 
conditions Rs and Rsh should be zero and infinite respectively.
2 .3 .3  D e t a il e d  P h o t o v o l t a ic  M o d e l
For a more realistic photovoltaic model, the effects o f non-zero Rs and non-infinite Rsh 
should be considered. Furthermore, the voltage dependent collection effects make the actual 
light generated current less than the Igen- Considering these effects the ideal diode equation is 
modified, and the net current through a real diode in dark (equation (2.6)) and under 
illumination (equation (2.7)) are given as follows.^^’
qV qlRs 
kT kT — ± (2.6)
s^h
(2 .7 )
In equation 2.7, H(Voc) is the voltage dependent collection function. It indicates the fraction 
o f photogeneration carriers that contribute to the light generated current Igen. With this model 
the Vnc and 1,^  can be shown as follows.
Voc
IsRsh
h e  = 1+ s^h
-R^ SC 
e kT -  l ]  -
(2 8) 
(2 9)
Figure 2.5 shows the I-V characteristics o f a typical PV device. The device delivers power in 
the operating regime between O-Vqc- In an optimum load condition, the PV device operates 
at the maximum power point (Pmax), which is represented by Lax and V^ax-
+J
oc
-V
sc
Figure 2.5. Photovoltaic J-V characteristics of a device under illumination where J is the 
current density and V is the voltage. Voc, Jsc and maximum power point (Pmax) is 
marked on the J-V curve.
13
The rectangular area enclosed by the maximum power point is equivalent to the maximum 
power delivered from the device.
P  =  I V =  I s V  [ e f  -  l ]  -  (2.10)
Power generated from the device is given by equation 2.10. Conditions for the maximum 
power can be obtained by taking the derivative o f  the power with respect to each parameter 
and equalling it to zero.
I  max =  Is  e x p ^
17 IVoc l + % F l  (2.11)
'5C 1 - RVmax (2.12)
KT
Where, Lax and Vmax correspond to the maximum current and voltage that the cell can 
supply. The maximum power can be obtained from the above equations and is given by 
equation 2.13.
^max ^max^max ~  h c +  (2.13)q L i q
These values are related by a characteristic property o f the solar cell called fill factor (FF) and 
is given by equation 2.14;
1 7 1 7  _  ^ m a x  _  Im axV m ax ^
P m a x =  F F X I s c X V oc (2.15)
FF is dependent on the shape o f the I-V characteristic curve which is critically depended on 
the Rs and R sh.
The power conversion efficiency (PCE) o f  the solar cell, i.e. the ratio o f  the input and output 
power is given by,
P C E  =  ^  (2.16)
From equation 2.15,
P C E  =  (2.17)
P  in
It can be understood from the equation 2.17, that the maximisation o f  PCE involves 
maximising FF, Isc and Voc- These three components are important parameters in a 
photovoltaic device and it is related to the efficiency. Therefore, for an optimum device 
condition all these parameters need to be optimised.
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2 . 4  O r g a n ic  P h o t o v o l t a ic s
Organic photovoltaics (OPVs) is a branch o f solar cells that utilise semiconducting organic 
polymers or highly conjugated small organic molecules for light absorption, charge transport 
and generation o f electricity. The low production cost, solution processability, printability o f 
large area devices, high absorption coefficients, flexibility and tunability o f  the band gaps o f 
the materials by alterations o f the chemical structure via functional group changes has 
attracted a great deal o f attention during the past two d e c a d e s .H o w e v e r  to date, the low 
efficiencies compared to inorganic PVs and the low stability o f the organic materials are the 
major drawbacks o f using OPVs for commercial purposes.
The discovery o f  electrical conductivity in polyacetylene upon doping by Heeger et al.^^ in 
the late 1970s was a milestone for the use o f Ti-conjugated organic materials in electronics. 
Ever since, enormous progress in synthesis and applications o f  these have been used in 
optoelectronic devices such as OPVs, organic light emitting diodes (OLEDs) and organic 
field-effect transistors (OFETs).
In TT-conjugated polymers and small molecules, the electrons in the p% orbitals délocalisé and 
form delocalized bonding n orbitals and tu* anti-bonding orbitals. The position o f the highest 
occupied delocalised tu orbital (HOMO) and the lowest unoccupied tu* molecular orbital 
(LUMO) determines the band gap (Eg) o f the material where the difference o f the HOMO and 
the LUMO level is considered as the band gap.^
2 .4 .1  T y p e s  o f  J u n c t io n s  in  S o l a r  C e l l s
2 .4 .1 .1  S in g l e  L a y e r  OPVs
Single layer OPVs are the simplest and the earliest form among various OPV devices. These 
cells were made by sandwiching a layer o f semiconducting organic material between two 
metallic contacts, one with a high work function (such as indium tin oxide (ITO)) and the 
other with a lower work function (Al, M g and Ca).^^ The difference o f work functions 
between the two metal conductors sets up an electric field in the organic layer."^  ^ The basic 
structure o f such a cell is illustrated in fig. 2.6 (A). When the organic layer absorbs light, an 
exciton (a localised electron-hole pair held together by electrostatic/Coulombic attractions) is 
created leaving a hole in the ground state HOMO level o f  the absorber (donor) while 
transferring an electron to the LUMO level o f  the donor. The potential created by the 
different work functions o f the metals dissociates the excitons, pulling electrons towards the 
positive electrode and holes to the negative electrode as illustrated in fig. 2.6 (B)."^ ^
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Figure 2.6. (A) A schematic illustration of single layer device architecture. (B) Energy 
level alignment under short circuit conditions. LWFE and HWFE are low workfunction 
electrode and high workfunction electrode respectively.
In 1973 Ghosh et al.^^ fabricated a single layer OPV using Al/Tetracene/Au with a device 
efficiency o f 0.0001% followed by a OPV with an efficiency o f 0.001% in 1974 using 
Al/Mg-Pc/Ag (Pc-phthalocyanine).'^'^ In 1979 Chamberlain et reported an efficiency o f 
0.3% using a device architecture based on Al/Merocyanine (l2-doped)/Ag.
In practice, the major drawback o f single layer devices is the insufficient electric field 
resulting from the difference between the two metal electrodes to break up the 
photogenerated excitons. Often the electrons recombine with the holes before reaching the 
electrode. To overcome this problem, in later years bilayer OPV cells were developed.
2.4.1.2 D o u b le  L a y e r  OPVs
Dual layer OPVs contains two different organic layers in between the conductive electrodes 
(fig. 2.7(A)). The differences in electron affinities and the ionisation energies o f the two 
materials create electrostatic forces at the interface between the two layers. The materials are 
chosen in such a way to make the differences large enough so that the local electric fields are 
strong enough to break up the excitons at the interface much more efficiently than the single 
layer PVs.^^ The material with higher electron affinity and ionisation potential acts as the 
electron acceptor (n-type), whereas the other material acts as the electron donor (p-type) (Fig. 
2.7 (B)).“
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Fig. 2.7. (A) A double layer device architecture of an OPV with an illustration of the 
energy level alignment under short circuit conditions (B).
In 1986, Tang et reported a power conversion efficiency o f 1% for In203 /Cu-Pc||PV/Ag 
bi-layer device architecture using Cu-phthalcocyanine as the electron donor and a perylene 
tetracarboxylic derivative (PV) as the electron acceptor. This cell is regarded as a milestone 
in OPV development, which led to a number o f new developments.
The diffusion length o f excitons in organic electronic materials is typically in the order o f 5- 
20 nm."^  ^ For the excitons to diffuse to the interface o f layers and break up into free electrons 
and holes, the layer thickness should also be nearly similar to the diffusion length. However, 
to absorb sufficient light the polymer layer acting as the donor needs a thickness o f -100  nm. 
Therefore, at such large thickness, most o f the excitons will not reach the heterojunction 
interface causing less exciton dissociation."^^ To overcome this issue the concept o f bulk 
hetero junctions (BHJ) was developed for OPVs."^^
2.4.1.3 B u l k  H e t e r o j u n c t i o n  OPVs
In BHJ type OPVs, the electron donor (D) and acceptor (A) are mixed together in a common 
solvent or a solvent system such that a spontaneous phase separation o f the two materials 
occurs forming interpenetrating D-A network (fig. 2.8(A))."^^
Through controlled morphology o f the interpenetrating network, it is possible to achieve a 
maximum interfacial area within the bulk o f the material. The built-in potential o f the hetero­
junction facilitates the ultrafast (50 fs) photoinduced charge separation and charge transfer, 
transferring electrons to the acceptor phase while leaving holes in the donor phase. As any 
point o f the composite will be a few nanometers away from the D-A interface, efficient 
charge transport o f the photo-induced charges to the respective electrodes will take place 
without recombining as in the case o f a double layer device (fig. 2.8 (B)). In an ideal
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situation, this paves the way for the internal quantum efficiency o f the device to reach unity 
utilising the maximum power o f the incident photons from sun light.'’’
(A)
I LWFE I
D/A Blend
HWFE I
HWFE LWFE
Figure 2.8. (A) The BHJ architecture where both D and A materials are in one blend. 
(B) Energy level alignment under short circuit conditions.
In 1995 Yu et first introduced a successful device based on a bulk heterojunction 
architecture using a blend o f MEH-PPV (poly(2-methoxy-5-(2'-ethyl-hexyloxy)-l,4- 
phenylene vinylene)) and a methano functionalised Côo derivative ([6 ,6 ]PC6 oBM) as the 
heterojunction, while using ITO and Ca as the electrodes. Sinee then, different eombinations 
of D and A materials, interlayers and eleetrode materials have been tested to produee deviees 
with higher PCEs.
An account by Shaheen et al.^^ in 2001, demonstrated devices with PCEs o f 2.5% using a 
mixture o f MDMO-PPV(poly[2-methyl,5-(3,7-dimethyloetyloxy)]-p-phenylene vinylene) and 
PCéoBM forming the bulk heterojunctions in the active layer. In 2003, Padinger et al.^^ 
introduced a post-production treatment o f applying an external potential higher than the Voc 
under elevated temperatures (greater than glass transition temperature o f the polymer) to a 
P3HT:PCBM ([6,6]-phenyl C6i-butyric acid methyl ester) solar eell after the deposition o f the 
Al electrode. The process has resulted in a higher PCE o f 3.5% under 800 W m'^ illumination. 
Ma et al.^^ (2005) fabrieated P3HT:PC6oBM based solar eells displaying PCEs o f 5 % by 
post-annealing the fabricated devices at 150°C. The obtained high PCE is attributed to; (i) 
thermally indueed nanoseale morphology modification that results in efficient charge 
generation, (ii) thermally induced crystallisation and (iii) improved charge transfer across the 
interfaces between the active layer and Al electrode that enhances charge collection at the 
electrodes.
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Approaches to further improve the PCE o f P3HT:PCBM solar cells towards a target o f 6% 
have been tried over the years although the PCEs o f polymer based devices remained in the 
range o f 3-5 % for nearly four years. However, due to the intrinsic relatively high bandgap o f 
P3HT (~ 2 eV) and the maximum obtainable theoretical Voc o f such devices being low (Voc 
= 0.6 V considering the small energy difference between P3HT-HOMO and PCBM-LUMO) 
it has been impossible to break the 6 % PCE barrier using P3HT;PCBM. According to the 
literature, one o f  the approaches to achieve higher PCEs is the design o f  new 
polymers/donors with a lower bandgap to better harvest the solar spectrum with deeper 
HOMO energies that could potentially increase Voc/^'^^ The polymers are designed with an 
electron-rich and an electron-deficient moiety that induces internal charge transfer within the 
fundamental repeat unit which reduces the HOMO energy o f the system (a schematic 
illustration o f the bandgap lowering process is given later in fig. 2.11).
In 2009, Park et have reported a PCE o f 6.1% with an internal quantum efficiency ~ 
100% using such a material with alternating copolymers based on poly(2,7-carbazole) 
derivative named PCDTBT (poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2- 
thienyl-2’, l ’,3’-benzothiadiazole)) where the BHJs are formed between PCDTBT and 
PCyoBM ([6,6]-phenyl C?i-butyric acid methyl ester). A similar approach o f  increasing 
photogenerated current and Voc have been demonstrated by Chen et where a PCE o f 
6.77% have been reported. The donor material is based on low bandgap PBDTTT-derived 
polymers (poly[4,8-bis-substituted-benzo[l,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4-substituted 
thieno[3,4-b]thiophene-2,6-diyl]) where fine tuning o f  the HOMO level (subsequently Voc) 
was achieved by varying the substituents.
A novel low bandgap polymer named PTB7 (a polymer based on alternating ester substituted 
thieno[3,4-b]thiophene and benzodithiophene units) was introduced by Liang et,al,^^ in 2010 
and the resulting device PCEs utilising PTB7:PC7oBM was 7.4%. The enhanced device 
performance is due to the low bandgap o f PTB7 (1.84 eV) with a low lying HOMO level that 
increases Voc-
In the same year, two solar cell manufacturing companies Konarka and Heliatek introduced 
BHJ OPVs (area ~ 1 cm^) with certified record efficiencies o f 8.3 % with single junction and 
tandem cell architectures respectively.^^ According to media records, in 2011, Heliatek has 
once again reported a PCE o f 9.8% for a tandem solar cell utilising low temperature vacuum 
deposition techniques.
Displaying a striking rapid development in the field o f  BHJ solar cells, in 2012 the PCEs o f 
the devices have reached the ultimate target o f  10%, where Heliatek again has demonstrated a
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record efficiency o f 10.7% (tandem architecture) and a certified PCE o f similar value has 
been reported by Mitsubishi Chemicals Corp.^^ Moreover, thermally evaporated low- 
molecular organic semiconductor oligomers have been used in the devices by Heliatek,^' 
where a single junction OPV using the same material has demonstrated a PCE o f 7%.
In early 2013, Heliatek^^ has reported a PCE of 12% for a tandem cell and Toray Industries 
Inc. has very recently announced a PCE o f 10.6% for a single junction BHJ device using a 
novel low bandgap thiophene-based polymer (bandgap ~ 1.58 eV) as the electron donor and 
PC7 0 BM as the acceptor. Interestingly, the researchers have used a thicker active layer o f 300 
nm which has led to 10.6% PCE compared to 9.4% using a thinner active layer (130 nm). The 
reason for the improved device performance is attributed to higher absorption rates for short 
wavelengths when a thicker film is used.
Considering the radical development in BHJ solar cells with design, synthesis and utilisation 
o f novel materials and cell architectures indicate the possibility o f reaching PCEs o f 15% in 
near future.
2.4.2 D e v ic e  P h y s ic s  o f  BHJ s o l a r  c e l l s
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Figure 2.9. The fundamental energy conversion processes and charge transfer in a BHJ 
OPV under sun light (ho).
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The energy conversion processes in an OPV device under illumination is given in figure 2.9. 
These fundamental processes can be categorised as:"^  ^ Light absorption and exciton 
generation (1), Exciton diffusion (2), exciton dissociation and charge transfer (3), charge 
transport towards electrodes (4) and collection at respective electrodes.
2.4.2.1  A b s o r p t i o n  o f  L ig h t
The optical absorption spectrum and the extinction coefficient o f the light absorbing material 
plays an important role in deciding the fraction o f light absorbed by the solar cell. One reason 
for the use o f  conjugated polymers as the donor material is their tuneable optical properties 
by changing the polymer backbone or by modification o f the functional groups. For example, 
the most common absorber material P3HT has a bandgap o f ~2eV and an absorption 
coefficient o f 6x10"  ^cm'^ at 550 nm (Xmax)^  ^whereas, relatively new polymer class PTB has a 
bandgap ranging from -1.6-1.8 eV and an absorption coefficient o f 7.5x10"^ cm"  ^ at 690 nm 
(Amax)-^  ^As a result o f  the high absorption coefficients o f these polymers, a layer thickness o f 
a few hundred nanometres is sufficient for efficient absorption o f photons with wavelengths 
lower than their peak wavelength absorption."^^ Also, the maintenance o f  low thickness is 
important in OPVs due to the low carrier mobilities o f organic materials.^^ Flowever, due to 
the relatively narrow absorption bands o f conjugated polymers (compared to inorganic 
semiconductors) only a small fraction o f  the solar spectrum is covered. Generally, a band gap 
o f 1.1 eV is required to cover 77% o f the standard AM 1.5 G solar spectrum if  complete 
absorption o f solar emission by the material is assumed. However, materials like P3HT can 
only absorb 30% o f the incident light due to the larger bandgap leading to relatively lower 
device performance in comparison to inorganic solar cells."^^
2.4.2.2  G e n e r a t io n  o f  E x c i t o n s
When photons with energies higher than the bandgap energy are incident on a 
semiconducting polymer, a bound electron-hole pair with opposite spin referred to as 
excitons is created where the attraction between the two opposite charges is Coulombic. Due 
to the low coupling between neighbouring molecules in organics the excitons are localized 
and hence, no band to band transitions occur (in contrast to in o rg an ics).A lso , the relatively 
low dielectric constant o f -3  in organic materials results in strongly bound Frenkel type 
localized excitons in comparison to Wannier-Mott type exciton creation in inorganic 
materials with a high deielectric constant o f 10.^^’
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Due to the above reasons the exciton binding energy (EB) is higher in conjugated polymers 
(EB ~ 0.3-0.5 eV) and the thermal energy (kT) at room temperature is not sufficient to 
provide the required energy to create free charges.^^ In contrast, the excitons in inorganic 
materials break into free charges using the thermal energy at room temperature."^^
2 . 4 . 2 . 3  D if f u s io n  o f  Ex c it o n s
The generated bound excitons diffuse through the material before they recombine. The 
distance within which the exciton can diffuse prior to recombination is called the exciton 
diffusion length. Because the exciton diffusion length for conjugated polymers is reported to 
vary between 5nm and 20 nm, only those excitons generated in a small region o f  <20 nm 
from the D/A interface contribute to the photocurrent.^®’ However, this problem is 
overcome in a BHJ OPV due to the large interfacial area which is favourable for exciton 
dissociation and finer phases formed which reduces the length the excitons have to diffuse 
prior to reaching a D:A interface for dissociation."^^
Exciton diffusion is a favourable process for polymer solar performance as it governs the 
photogenerated charges towards the D-A interfaces at which free carriers are formed. 
Therefore, conjugated polymers with higher exciton diffusion lengths are favoured where the 
polymer domain size could be increased that leads to higher light absorption.
2 . 4 . 2 . 4  D is s o c ia t io n  o f  E x c it o n s  a t  t h e  D o n o r -A c c e p t o r  In t e r f a c e s
The excitons that diffuse towards the D-A interface either recombine or dissociate into free 
charges if  the columbic potential barrier is overcome. However, it is a matter o f controversy 
how excitons dissociate into free electrons and holes at donor-acceptor interfaces despite the 
high exciton binding energy in organic materials with low dielectric constants. Penmans et 
a lP  have proposed that the generation o f a free electron-hole pair is accompanied by an 
excess o f vibrational energy that can be used to overcome the Coulombic attractions.
The reduction o f  recombination probability at the D-A interface is explained via the 
formation o f a dipole layer prior to photoexcitation o f charges. It is suggested that the dipole 
moments prevent back transfer o f the holes thus reducing the recombination o f  the bound 
electron-hole pair.^^
An alternative hypothesis for the efficient exciton dissociation in BHJ devices is that the 
delocalization o f charge carriers along the polymer chains can help the carriers to overcome 
the Coulomb potential barrier.^"^’ It is suggested that the holes in the bound excitonic form 
delocalize along the conjugated polymer chains and move to remote positions in comparison
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to electrons. The increased distance between the opposite charges reduces the Coulombic 
attraction thus leading to exciton dissociation.
2 . 4 . 2 . 5  Ch a r g e  T r a n s p o r t  t o w a r d s  T h e  E l e c t r o d e s
Following the generation o f free charge carriers at the D-A interfaces, the charges should be 
extracted away from the interfaces to avoid recombination. Therefore, the formation o f 
percolated networks o f donor and acceptor materials are vital for efficient hole transportation 
along the donor molecules towards the hole collecting electrode, while the electrons are 
transferred through the acceptor molecules in the direction o f  the electron collecting 
electrode."^^ Therefore, high hole mobilities o f  donor materials, high electron mobilities o f 
acceptor materials, a balance between hole and electron mobilities, film morphology (film 
inhomogeneities act as surface traps leading to charge recombination) and selection o f the 
electrodes are important factors in deciding charge extraction efficiency o f OPVs.
2 . 4 . 2 . 6  Co l l e c t io n  o f  Ch a r g e s  a t  T h e  E l e c t r o d e s
In a conventional BHJ architecture, the transported electrons from the acceptor molecules are 
injected into the negative electrode whereas the holes are injected into the positive electrode. 
However, for this preferential charge selection to happen proper alignment o f  the electrode 
and active layer materials is important. The Fermi level o f the negative electrode should 
match the LUMO o f  the acceptor and the Fermi level o f  the positive electrode should match 
the HOMO o f the donor material leading to the formation o f  Ohmic c o n ta c ts .In  the case o f 
Ohmic contacts, a charge transfer between the metals and the organic semiconductors lead to 
Fermi level pinning o f  the electrodes near the HOMO/LUMO o f the semiconducting 
m ateria ls .T herefo re , the Voc o f a BHJ solar cell depends on the energy difference between 
the LUMO o f the acceptor and HOMO o f  the donor in contrast to the work function 
difference o f  the electrodes in a single layer OPV.^^
2.4.3 M a t e r i a l s  f o r  OPVs
To facilitate electron-hole creation and separation, the most efficient organic devices contain 
two types o f semiconductors: an electron donor and an electron acceptor. To obtain highly 
efficient BHJ devices, two criteria must be satisfied by the D-A system. First, large interfacial 
area and intimate contact between the D-A phases allowing for ultrafast charge separation at 
the D-A interface. Second, the phase separation o f the two materials in such a way that 
percolating networks are formed allowing efficient charge collection at the appropriate 
electrodes
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2 .4 . 3 . 1  E l e c t r o n  D o n a t in g  M a t e r ia l s
In the first place, conjugated polymers were introduced into the single layer OPV structures 
using polyacetylene,polythiophenes^^ and poly(p-phenylene vinylene) (PPV)/^ However, 
with the invention o f concepts o f bi-layer and BHJ OPVs the most common electron donating 
materials used were derivatives o f poly phenylene vinylenes (PPV) such as poly[2- 
methoxy,5-(2’-ethylhexyloxy)-l,4-pheneylene-vinylene] (M E H -P P V ),po ly (2 -m ethoxy -5 - 
(3’,7’-dimethyloctyloxy)-p-phenylene vinylene) (MDMO-PPV)/^ PPV has an energy 
bandgap o f 2.5 eV and the most commonly used derivative o f  PPV is MEH-PPV which is a 
p-type polymer (Eg = 2.12 eV).^^ The poor device performance o f the PPV incorporated 
OPVs arise due to the large band gap and the poor crystallinity o f  the polymers.
Research attention was then focused on polythiophenes (Eg = 2 eV) and its derivatives, the 
most successful candidate being Poly(3-hexylthiophene-2,5-diy 1) (P3HT). High crystallinity 
o f P3HT which is tunable by heat treatment^^ governs efficient charge conduction and the 
ability to form better interpenetrating networks with acceptors such as PCBM, than the MEH- 
PPV. This has made P3HT a promising material over MEH-PPV in high efficient OPVs. 
Since 2002 drastic improvements using P3HT-PCBM have been recorded by controlling the 
nano scale stability o f interpenetrating networks with crystalline order in both P3HT and 
PCBM by using thermal treatments and tuned spin coating c o n d i t i o n s . T h e  optimum 
morphology o f the BHJ structure should be controlled to ensure maximum exciton 
dissociation at the D-A interface and efficient charge transport through the structure. The best 
device PCE o f  this type o f system is reported as -5 %  in 2005.^^
More recent approaches in design and synthesis o f electron donating polymers have been 
reported in literature during the past couple o f years. One method is the design o f a polymer, 
a part o f which is a chain o f polythiophenes functionalised with hexyl chains, while the other 
part is a chain o f polythiophenes functionalised with an organic chromophore (fig. 2.10 (A)). 
This enhances the light absorption o f the polymer covering a wide range o f  the electro­
magnetic spectrum from -300-700  nm as a result o f  both P3HT and chromophore 
absorption; the most important property o f an electron donating material in OPVs.
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Figure 2.10. (A) A chromophore functionalised P3HT polymer (B) PCDTBT where a 
part of the polymer is substituted with an EDG while the other part is substituted with 
an EWG.
Another novel and successful synthetic method is the design o f polymers with an electron 
donating group (EDG) and an electron withdrawing group (EWG) on the same polymeric 
chain (fig. 2.10 ( B ) ) . T h e  lowering o f the bandgap through an internal charge transfer 
process is illustrated in fig. 2.11. The HOMO-EUMO energy difference o f the charge transfer 
complex is significantly lower than the initial counterparts, thus inducing a low bandgap to
the polymer 57,85
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Figure 2.11. Energy level diagram of PCDTBT where the polymer constitutes 
alternating donor-acceptor units. The orbital mixing o f the donor and acceptor units 
results in the intramolecular CT state with a low bandgap comparative to individual 
donor acceptor moieties.
One o f the most successful polymers synthesised in recent years (2010) is PTB7 (Poly({4,8- 
bis[(2-ethylhexyl)oxy]benzo[l,2-è:4,5-b']dithiophene-2,6-diyl}{3-fluoro-2-[(2- 
ethylhexyl)carbonyl]thieno[3,4-è]thiophenediyl})) which is a low bandgap (1.84 eV)
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polymer with a low lying HOMO energy level which shows an enhanced light absorption and 
increased Voc in devices/^
2.4.3.2 P3HT
P3HT is a conjugated polymer consisting o f a backbone o f  hexyl incorporated thiophene 
rings (substitution at the 3"^  ^position o f the thiophene ring) linked from the 2 and 5 positions 
to maintain the conjugation o f n orbitals along the polymer (fig. 2.12). Depending on the 
number o f monomer units present in the polymer, the conjugation length is varied 
determining the band structure o f the material. The longer the conjugation length, the lower 
the band gap will be. However, the maximum effective conjugation length o f P3HT in solid 
state is believed to be greater than in the liquid state. The hexyl groups are incorporated to the 
thiophene chain to increase the solubility o f  P3HT in common organic solvents.*^
Figure 2.12. Chemical structure o f P3HT.
During the polymerisation process, hexyl substituted thiophenes introduces directionality to 
the polymer, resulting in different orientations. The asymmetry o f  3-substituted thiophenes 
results in three possible couplings when two monomers are linked between 2 and 5 positions. 
These are; 2,5’ (head-tail (HT)) coupling, 2 ,2’ (head-head (HH)) coupling and 5,5’(tail-tail 
(TT)) coupling where 2 and 5 are denoted as head (H) and tail (T) respectively. Further 
addition o f  monomer units results in more complex orientations o f the polymer (fig. 2.13).
A band gap o f - 2  eV (HOMO ~ 3.2 eV and LUMO -5 .2  eV), high hole carrier mobility o f 
0.1 cm^ s'\^^ high optical absorption coefficient in the visible region in the order o f  10^ 
cm'^ and high crystallinity o f regio-regular polymers have made P3HT one o f  the most
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popular polymers in OPVs as the eleetron donating material. However, it is reported that all 
the above stated properties are tunable depending on the film fabrication process, device 
structure and the method o f measurement.
HT-HT HH-TH
HH-TT TT-H T
Figure 2.13. Four possible triads resulting from coupling of 3-substituted thiophenes 
where R- represent hexyl chains.
Studies reveal that P3HT forms lamellar structures with polymer backbone and side chains 
normal to the substrate surface with a ti-tt stacking distance o f 3.81 Â (b) and the inter-chain 
spacing is 16.02 Â (a).^^
Figure 2.14. rr-P3HT lamellar stacking where the polymer backbones and side chains 
align normal to the substrate surface, ‘a’ is the inter chain distance and ‘b’ is the n-n 
stacking distance. (Source: Ref. 87)
An important feature o f P3HT is the enhancement in crystallinity with annealing. It has been 
shown that at temperatures o f 110-150°C the polymer chains organise into a more crystalline 
orientation where the order o f ti- tt stacking is enhanced .T herefo re , the optical absorption o f
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1T-P3HT increases with annealing making it more favourable as a light absorbing material in 
solar cells.^^
2.4.S.3 PTB7
The structure o f PTB7 is based on alternating ester substituted thieno[3,4-Z>]thiophene and 
benzodithiophene units that comes under the class o f PTB polymers. The quinoidal structure 
is stabilized by thieno[3,4-6]thiophene that results in a low bandgap o f 1.84 eV (HOMO-5.15 
eV and LUMO-3.31 eV) which shows a maximum absorption in the wavelength region o f 
550-750 nm.^^ The branched side chains in ester and benzodithiophene facilitate the polymer 
solubility in organic solvents.
OR
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Figure 2.15. Chemical structure o f PTB7.
As a strategy to increase Voc when used in BHJ OPVs, the HOMO level o f  the polymer is 
lowered by the introduction o f highly electronegative Fluorine atoms to the thieno[3,4- 
6]thiophene unit. Since, the size o f the Fluorine atoms are small it has a minimum effect on 
sterie hindrance for the polymer configuration and stacking.^^ Moreover, an electron 
withdrawing ester group is attached to the thieno[3,4-6]thiophene to stabilize the highly 
eleetron rich moiety.
The stacking o f  polymers in the PTB family on substrates suggest that molecules are 
assembled with the n conjugated backbones (stacking distance = 3.7 A  (b)) and side chains 
stacked parallel to the substrate with an inter-staek separation o f 27.3 Â (a) defined by the 
extended side chains outward from the backbone parallel to the substrate.^® Studies further 
reveal that the lamellar structure with polymer backbone and side chains parallel to the 
substrate surface is retained even in the presence o f PCBM. Such parallel alignment leads to 
better charge extraction in OPVs as the area o f contact between the active layer and 
electrodes is maximised in such stacking architectures.
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Figure 2.16. PTB7 lamellar stacking where the polymer backbones and side chains align 
parallel to the substrate surface, ‘a’ is the inter-stack distance and ‘b’ is the tt-tt stacking 
spacing. (Source: Ref. 90)
In comparison with P3HT:PCBM systems, there are several advantageous o f using 
PTB7:PCBM in solar cells. The parallel lamellar stacking on substrates in PTB7 as opposed 
to lamellar orientation that is normal to the surface in P3HT induces maximum contact 
between the active layer and electrodes leading to better charge collection. The effect o f such 
parallel alignment is the higher hole mobility o f PTB7.^^
Also, the absorption spectrum o f PTB7 which peaks around 700 nm where a maximum 
photon flux of the solar spectrum is obtained generates more photocurrent than in P3HT 
where only photons with wavelength < 650 nm are harvested. ^
2 . 4 . 3 . 4  E le c t r o n  A c c e pt in g  M a t e r ia l s
The existence o f a material with high electron affinity to extract the electrons breaking down 
the photo created excitons is essential in BHJ OPVs. In a D/A blend electrons are 
energetically likely to move into the phase with greater electron affinity (A) whereas 
photoindueed holes are energetically favourable to move into the polymer phase with smaller 
ionisation potential (D). This process dissociates the exciton at the D/A interface and prevents 
charges from early recombination. These separated charge carriers are transported towards 
the respective electrodes through the nanoseale interpenetrated network formed by the D/A 
molecules.
Although other acceptor materials such as inorganic nanoerystals (CdSe, PbS, TiO), carbon 
nanotubes, graphene, n-type conjugated small molecules and polymers have been used, so far 
fullerene based electron acceptors are the most promising material in OPVs due to their high 
electron affinity and transportation properties.^^ In literature, PCEs in the range 6-8% has 
been reported utilising polymer/fullerene BHJ d e v i c e s . Fu l l e r e n e  derivatives such as,
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[6 ,6 ]PC6oBM, [6 ,6]PC7oBM and BTPFeo with high electron affinities are used in modern 
OPVs. However, fullerene acceptors have several drawbacks when incorporated to OPVs: 
negligible light absorption in the visible-near IR region, (ii) relatively poor photochemical 
and chemical stability requiring extensive encapsulation for the operation o f  the OPVs in 
ambient conditions, higher rates o f  molecular diffusion and crystallisation compared to the 
donor polymers imparting ehallenges for the control o f the phase-separation kineties and the 
BHJ film morphology and limited synthesis mechanisms and high cost o f synthesis and
purification o f fullerene derivatives.
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Figure 2.17. Chemical structures of two n-type electron acceptors used in OPVs; PDI 
(A) and FiePCCu (B).
Therefore, as a replacement o f fullerene derivatives, design o f  other n-type organie small 
molecules and polymers have been given attention recently and some o f the classes o f 
molecules studied are naphthalene diimides and metallo-organic polymers such as PDI and 
FiôPCCu respectively (fig 2.17).
2.4.3.5 PCtoBM
The molecular structure o f P C 70B M  is shown in figure 2.18. Fullerene moleeule is 
functionalised to impart solubility to the P C 70B M  molecule in a majority o f  organic solvents. 
Therefore, a well solubilised homogeneous active material mixture can be obtained from 
P C 70B M . This is important in obtaining a thin film o f  active layer consisting o f  a continuous 
phase separated D/A interfaces leading to a smooth surface which is required for better nano 
film m o r p h o l o g y A l s o ,  the ability o f P C 70B M  to form good nanoseale interpenetrating 
networks with P 3 H T  has made P C 70B M  a promising aceeptor material in BHJ OPVs.
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The band gap o f PC7 0 BM o f -1 .8  eV (HOMO -  4.3 eV and LUMO -6.1 eV) with an electron 
mobility o f 2x10'^ v'^s'^ and the asymmetric structure o f PC7 0 BM that increase the light
absorption in the visible region compared to PCeoBM has made the blend o f P3 HT:PC7 oBM 
as the active layer a high efficient material system in BHJ OPVs.^^’
Figure 2.18. Chemical structure o f P C 7 0 B M .
2.4 .3 .6  Charge Extraction Layers
To achieve high PCEs one o f the major challenges is to select appropriate charge extracting 
layers. The use o f  charge transport layers enables the photogenerated carriers (electrons and 
holes) to be collected at the desired electrode (positive electrode/anode for holes and negative 
electrode/cathode for electrons) while simultaneously blocking the carriers o f opposite 
charge.^
Solution processed metal oxides such as titanium oxide (TiOx), zinc oxide (ZnO) and caesium 
carbonate (C S2C O 3) have been used to reduce the energy barrier between the active layer and 
the negative electrode for improving the eleetron extraction efficiency.^
Bathocuproine (BCP) (fig. 2.19 (A)) is another widely used hole blocking material used in 
OPVs which is a wide band gap material o f 3.0 eV (HOMO -  6.5 eV and LUMO -  3.5 eV).^^ 
The advantages o f  using BCP as a hole blocking layer are; (i) its ability to virtually increase 
the LUMO o f the acceptor material which ultimately leads to an increase in Voc, (ii) 
protection o f the active layer during the thermal deposition o f  Al which eliminates the 
creation o f  Al indueed charge transfer states with fullerenes in the active layer and (iii) the 
action as a barrier to prevent morphological defects in the active layer caused by hot metal 
atoms resulting from thermal evaporation o f metal electrodes.^^’^ ^
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Figure 2.19. Chemical structures o f BCP (A) and PEDOTiPSS (B).
Therefore, using a thin layer o f BCP with the thickness o f several nanometres in between the 
P3HT:PCBM and Al, increased PCEs are observed in OPVs by enhancing negative charge 
collection at the negative electrode.
Vacuum deposited metal oxides with high transparency and good hole conductivity such as 
molybdenum oxide (M0 O3), vanadium oxide (V2O5) and tungsten oxide (WO3) have been 
used as hole extraction layers in OPVs.^ As vacuum processing o f materials is relatively 
expensive and time consuming, solution-processed poly(3,4- 
ethylenedioxythiophene):polystyrenesulfonate (PEDOTiPSS) (fig 2.19(B)) is widely used as 
a hole extraction layer in OPVs.^ PEDOTiPSS is a mixture o f two polymers where PEDOT is 
a conjugated polymer (band gap o f  1.6 eV) based on polyhthiophene which carries a positive 
charge. The addition o f polystyrene sulfonate with a negative charge imparts hydrophilic 
nature to the PEDOTiPSS mixture which now can be dissolved in water and other high polar 
solvents. Together the charged molecules form a macromolecular salt with a better solubility 
and conductivity. The solution processibility, high transparency in the visible region o f the 
solar spectrum and high hole conductivity has made PEDOTiPSS the most widely used 
material in OPVs.^^
However, research has been carried out recently to find a replacement hole extraction layer 
for PEDOT iPSS due to its intrinsic drawbacks such as hygroscopicity and acidity.^ 
Hygroscopicity increases the resistivity o f the PEDOTiPSS-active layer interface by 
absorbing moisture from the surroundings resulting in a lower device efficiency while 
simultaneously increasing the acidic nature o f PEDOTiPSS. The increased acidity generated 
by moisture absorption along with its intrinsic acidity also etches the ITO electrode resulting
in a decreased life time o f the solar cell.22, 23
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2 .5  C a rb o n  N a n o tu b e s  in  O rg a n ic  S o l a r  C e l ls
Utilisation o f carbon nanotubes in organic solar cells was first reported by Ago et al}^ in 
2002 where oxidised MWNTs act as hole collecting front electrodes. The devices employed 
the architecture: MWNTs/poly(p-phenylene vinylene) (PPV)/A1 and the PCE obtained is 
0.081%. Since then researchers have paid great attention on incorporating CNTs into 
different layers in OP Vs such as front electrodes, hole transport layers, active layers as well 
as electron transport layers.
2.5 .1  Carbon  NANOTUBES AS FRONT Electrodes
In 2005, Pasquier et described the use o f  SWNT thin films as transparent hole collecting 
electrodes in PSHTrPCeoBM OP Vs. The reported PCE is 1% whieh is comparatively higher 
than reference devices with similar thickness utilising ITO electrodes. The improved PCE is 
attributed to the three dimensional (3D) nature o f  the interface between SWNTs and the 
active layer.
In 2006, Miller et proposed the capability o f  using MWNTs as positive electrodes in 
OPVs. The study is based on mixing MWNTs with the donor polymer, poly(w- 
phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene (PmPV) in a double layer device 
which results in comparable PCEs to the reference devices without MWNTs. The device 
performance indicates the ability o f  MWNTs to extract holes from the donor polymer making 
MWNTs a suitable candidate for hole extraction layers.
In 2009, Feng et reported OPVs with spray coated highly conduetive transparent few- 
walled carbon nanotubes (FWNTs) as hole colleting electrodes. Best PCE indicated is 0.61% 
for a device with the architecture: FWNTs/P3HT:PC6oBM/Al which is comparable to the 
PCE o f the reference device with ITO at the hole collection end. A year later, Barnes et 
reported a eell with a PCE o f 4.13% that employed a SWNT transparent eleetrode and an 
active layer ofP3HT:PC6oBM.
2.5.2 Carbon  NANOTUBES AS H ole T ransport Layers
Kymakis et al}^^ recently reported solar cells with PCEs o f  3.04% by using a spin coated 
layer o f SWNTs on ITO that acts as the HTL o f  a device with a P3HT: PCôoBM aetive layer. 
The fabricated reference devices with PEDOT:PSS HTLs display a PCE o f 2.84%. The 
increased device performance is thought to be due to the 3D interface between the SWNT 
HTL in contrast to planar PEDOT:PSS layers.
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Stylianakis and K y m a k i s h a v e  recently investigated the effect o f SWNT incorporation to 
both the HTL and the active layer. When the SWNTs are mixed into the PEDOTrPSS layer 
and P3HT:PC6oBM active layer the PCEs o f the devices displayed PCEs o f 2.53% and 3.52% 
respectively. However, an overall PCE gain o f 40% is observed when SWNTs are 
incorporated both in the HTL and the active layer (PCE = 3.74%). The PCE o f  the reference 
P3HT: PCôoBM devices without SWNTs in any o f  the layers is 2.67%. The efficiency gain is 
believed to be due to enhaneed exciton dissociation by SWNTs in the active layer and an 
overall hole transport and eollection by the percolative paths o f SWNTs which stretch out to 
both active and HTLs.
2.5.3 Carbon NANOTUBES in T he A ctive Layer
Kymakis and Amaratunga^^^ in 2002 demonstrated a solar cell with an SWNT/poly~3- 
octylthiophene (P30T) composite active layer where an electron transfer from the polymer to 
SWNTs was expected to occur. A PCE o f 0.04% was obtained where the enhanced 
photovoltaic performance in comparison to a P 30T  only reference device was attributed to 
the internal polymer/S WNT junctions in the polymer matrix. The junetions are thought to act 
as exciton dissociation centres while transporting the dissociated electrons towards the 
negative electrode. A recent study by Ren et based on P3HT coated semiconducting 
SWNTs (nanofilaments) as the active material recorded a PCE o f 0.72%. The better 
performance o f  the devices compared to the previously reported is thought to be due to the 
absence o f  metallic SWNTs in the active layer and the use o f nanofilaments that induce a 
high degree o f order in the P3HT phase while preventing SWNT aggregation.
Kymakis et have reported a PCE o f  1.4% in 2008 for a device where SWNTs are 
mixed into an active layer consisting o f P3HT:PC6oBM. The better device performance was 
considered to be due to SWNTs acting as exciton dissociation centres in addition to fullerenes 
and also due to the electron transporting nature o f SWNTs that act as charge transporters o f 
eleetrons towards the negative electrode.
With further improvements in the field o f carbon nanotube embedded active layers in OPVs, 
in 2009 Wu et al}^^ demonstrated a solar cell with a 3.47% PCE by incorporating MW NTs 
into a P3HT:PC6oBM active layer. Interestingly, ATM and UVW is spectra reveal that 
MWNTs template P3HT to an aligned confirmation which results in increased light 
absorption. Also, work function measurements based on Kelvin probe force microscopy 
further suggests a hole extraction mechanism by MWNTs in the active layer.
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Device performance enhancement in BHJ solar cells employing B- or N- doped MWNTs as 
selective hole or electron transport materials in the active layer have been observed by Park et 
(2011) where increased PCEs o f 4.1% and 3.7% were recorded for B- and N- doped 
MWNT embedded active layers in comparison to 3.0% reference devices. The advantage o f 
using doped MWNTs over undoped metallic MWNTs is the improved charge transportation 
o f dissociated charges redueing undesired electron-hole recombination.
Further to the above work o f  using doped MWNTs in the active layers, a PCE o f 5.29% was 
reported by Lee et al}^^ (2013) for devices with N- doped MWNTs in the active layer 
consisting o f P3HT: indene-Côo-bisadduct (ICBA) with reference devices showing a 4.68% 
PCE. The PCE is further improved to 6.11% by using N- doped MWNTs decorated with 
Indium phosphite (InP) quantum dots in the active layer. In this case, InP quantum dots 
encourage exciton dissociation by facilitating electron transfer to N- doped MWNTs while 
the extracted charges are transported towards the negative electrode by the latter.
A recent report by Lu et al}^^ (2013), a PCE o f 8.6% for a device comprising o f 
PTB7:PC?oBM:N- doped MWNTs was observed where the increased device performance 
wass attributed to several reasons. X-ray scattering studies revealed that the nanocrystallite 
sizes o f both PTB7 and PC?oBM increases by the addition o f N- doped MWNTs implying the 
enhanced erystallinity o f the two materials. Furthermore, the phase-separated domain sizes o f 
PTB7 and PCyoBM deereased in the presence o f N- doped MWNTs leading to an increased 
interfacial area between the donor and acceptor phase, facilitating exciton dissociation. 
Another reason for improved device performance was the higher roughness o f the active 
layer when N- doped MWNTs are introduced which results in a larger eontact area between 
the active layer and the electrodes leading to more efficient charge colleetion. In addition to 
the above mentioned reasons, the ability o f N- doped MWNTs to act as additional exciton 
dissociation centres and as efficient electron transport channels were also attributed as 
reasons for the high device performance.
2.5 .4  Carbon  NANOTUBES as Counter Electrodes
In 2010, Xia et al}^^ reported the fabrication o f  solar cells (PCE -2.5% ) that could be 
illuminated from both sides (front and back) using a transparent CNT film for the back 
electrode (counter electrode) and ITO as the front electrode. In a recent study (2012), Liu et 
al?^ reports the action o f SWNTs in different morphologies such as semi-transparent films to 
densified spun yarns as counter electrodes (as a replacement for metal electrodes) in polymer 
based fiber solar cells. The devices are flexible in nature with an architecture of: steel
35
wires/ZnO/P3HT:PC6oBM/PEDOT:PSS/SWNTs and the obtained best PCE is 2.3%. The 
flexible devices showed good stability upon large angle-bending over long term storage times 
which shows potential for the manufacturing o f  low-cost, printable and flexible solar cells.
2 .6  S u m m a r y
In this chapter, a review o f solar cells is presented from a historié perspeetive to modem 
times. The physics o f conventional solar cells has been discussed using the detailed 
photovoltaic model. The development and improvements o f organic solar cells has been 
further discussed using single layer, double layer and bulk heterojunction architectures. A 
discussion o f the basic operating principles o f an OPV is presented using fundamental energy 
conversion and charge transfer processes inside a BHJ device. A review o f the properties o f 
materials used for OPVs is presented focussing mainly on the most commonly used materials 
in this study (e.g. P3HT, PTB7, PCBM, PEDOT:PSS and BCP). The chapter follows with a 
diseussion o f the utilisation o f CNTs in different layers o f an OPV device architecture; (i) as 
electrodes, (ii) as charge extraction layers and (iii) in the active layer.
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Ch a p t e r  3
H elical  P o ly m er  W r a p p in g  o f  R egio  
R e g u l a r  P o ly ( 3 - h e x y l t h io p h e n e - 2 , 5 -
DIYL) ON SWNTs
3 .1  Ca r b o n  N a n o t u b e s
Carbon in the sp^ hybridisation can form a variety o f structures. Apart from the well-known 
graphite, sp^ hybridised carbon can build closed and open cages with honeycomb atomic 
arrangements. The first such structure discovered was the Ceo molecule by Kroto et. al}^^ In 
1991 the Japanese electron microscopist lijima observed tubular earbon structures for the first 
time during an experiment o f  arc-evaporation synthesis o f fullerenes.^ The nanotubes were 
called multi walled carbon nanotubes (MWNTs) as they consisted o f  up to several tens o f 
graphitic shells with adjacent shell separation o f —0.34 nm, diameters o f 2-100 nm and high 
length/diameter r a t i o . T w o  years later, lijima et a l synthesised single walled carbon 
nanotubes (SWNTs) with a diameter o f 1 nm.^^^ Although double walled carbon nanotubes 
(DWNTs) were diseovered in 1991 by lijima et a l along with MWNTs, this strueture has 
received relatively less attention until recent times due to synthesis and separation o f  high 
purity samples.^
The synthesis o f CNTs is carried out utilising a diverse range o f techniques. The more 
traditional methods being, arc-discharge, laser-ablation, chemical vapour deposition (CVD) 
and synthesis using a gas phase metal catalyst. Recent trends in CNT synthesis are; use o f  an 
aerosol precursors, arc water process, use o f electrically arcing carbon rods in helium, iron 
catalysts at an extremely low temperature o f 180° C, fluidised-bed method for large scale 
production o f SWNTs, combination o f a non-equilibrium plasma reaction with template 
controlled growth technology for synthesising aligned carbon nanotubes at atmospheric 
pressure and low temperature and nebulised spray pyrolysis for large scale synthesis o f 
MWNTs and aligned MW NT bundles.^
A SWNT is formed by rolling a sheet o f graphene into a cylinder along an (n, m) lattice 
vector in the graphene plane (fig. 3.1 (B)) where (n, m) indices determine the diameter and 
chirality o f  a nanotube. The nature o f rolling and twisting o f the graphene sheet to form a
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carbon nanotube determines the electronic structure and the properties o f the CNT. 
According to the twisting angle, there are three types o f CNTs encountered as armchair, zig­
zag and chiral (fig.l (A)). When n = m, the CNTs are called armchair, whereas for any n 
value with m = 0 zig-zag tubes are realised. All the remaining (n, m chiral) vectors 
correspond to chiral nanotubes which is the most common type o f CNTs encountered in 
practice.
(A)
IS
Armchair Zig-zag Chiral
Figure 3.1. (A) A graphical representation of commonly encountered chirality types of 
CNTs and (B) represents the honeycomb lattice structure of a CNT where atoms in the 
graphene sheet are represented by the chiral vector C = na+mb (a and b form a non- 
orthogonal basis for the sheet).
Depending on the chirality, SWNTs can be either metallic or semiconducting, with band gaps 
that are relatively large (0.5 eV for a tube diameter o f 1.5 nm) or small (10 meV), even if  they 
have nearly identical d i a m e t e r s . 'T h e  band gap o f a semiconducting nanotube can be tuned 
by adjusting the diameter o f the nanotube as the band gap is inversely proportional to the 
diameter."^ The diameter o f a nanotube can be caleulated using the following relationship;
d = -V n ^ ^ r ïm r + ln 2  (3.1)
n  ^ ^
Where, d  is the diameter, a is the magnitude o f either unit vectors ai or a] and n, m are 
integers. Whether a SWNT is metallic or semiconducting is determined by the n and m 
values. For a SWNT to be metallic, (n-m) must be an integer multiple o f three. If not, the 
SWNT is semiconducting in nature."^
Since its discovery, CNTs have generated great interest for many applications based on their 
outstanding electronic transport properties (similar to copper but with the ability to carry 
much higher currents), high mechanieal strength (one hundred times the tensile strength o f
steel) and chemical properties (inert nature).”  ^ However, issues regarding the mass
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production, dispersion, control o f length, synthesis and purification are some o f  the factors 
that limit the application o f  CNTs in practice.
3 .2  F u n c t io n a l is a t io n  o f  c a r b o n  n a n o t u b e s
Carbon nanotubes are difficult to disperse in most organic and inorganic solvents because o f 
their hydrophobicity, chemically inert nature and severe aggregation among the nanotubes. 
The nanotubes agglomerate together via Van der Waals forces to minimise their surface 
energy and therefore end up forming b u n d l e s .T h e r e f o r e ,  it is important to improve the 
solubility properties o f CNTs through functionalisation processes, to utilise their properties in 
practical applications.
Functionalisation o f carbon nanotubes can be mainly classified into two categories; covalent 
(chemical) and non-covalent (physical) functionalisation. Although covalent flmctionalization 
is more popular, non-covalent functionalisation o f carbon nanotubes is o f particular interest, 
as it enables tailoring o f carbon nanotube properties (solubility) while still preserving its 
intrinsic properties (charge conduction).
3 .2 .1  Ch e m ic a l  F u n c t io n a l is a t io n  o f  c a r b o n  n a n o t u b e s
Several research groups have reported successful chemical functionalisation reactions for 
SWNTs and MWNTs. Smalley et al. reported the fluorination o f  SWNTs resulting in 
solvation o f individual nanotubes in various alcohol solvents.'^'' Pekker et al. have 
reported the hydrogenation o f carbon nanotubes via the Birch reduction process in ammonia 
in a methanol m e d i u m . S o m e  other examples include functionalisation o f  nanotubes with 
a n i l ine s ,n i t r e nes ,  carbenes and radicals and the 1,3-dipolar cycloaddition o f azomethine 
ylides.'^^
A major milestone in the nanotube chemistry was the development o f  an oxidation process 
for the nanotubes (resulting in nanotube bound -C O O H  groups) which involves extensive 
chemical treatment in a medium o f strong acids (sulphuric and nitric acids). This process 
called acid functionalisation, is one o f the most popular purification and functionalisation 
methods for raw CNTs.'^^ Haddon et al. first reported the use o f  the nanotube bound acid 
groups for attaching long alkyl chains to SWNTs via amide l i n k a g e s o r  carboxylate- 
ammonium salt zwitterion interactions.'^^ Sun and co-workers have showed that the 
estérification o f the carboxylic acids can also be applied to flmctionalise and solubilise 
nanotubes o f any length.'^''
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3 .2 .2  N o n -C h e m ic a l  F u n c t io n a l is a t io n  o f  c a r b o n  n a n o t u b e s
In recent years, immense progress has been made in experiments in the topic o f  non-covalent 
coupling. Non-covalent functionalisation potentially preserves the Ti-conjugated system by 
means o f wrapping or encapsulating polymers as well as via adsorption o f small molecules 
onto the nanotube surface. Various non-covalent wrapping processes o f carbon nanotubes 
with several chain-like polymers,'^' DNA,'^^ carbohydrates,'^^ peptides'^"' and Tu-conjugated 
p o l y m e r s ' h a v e  been reported in the literature.
When the polymer wrapping techniques are applied for developing nanotube based materials 
or devices, understanding the driving forces by which the chain-like polymers successfully 
wrap individual tubes and small bundles is essential. However, the driving forces determining 
the polymer wrapping o f CNTs are still debated. In general, it has been widely accepted that 
various non-covalent intermolecular interactions such as tu-tt, C-H-tt and Van der Waals 
interactions play a significant role in promoting the helical wrapping o f chain-like polymers 
around SW NTs.'^' In contrast, studies suggests that helical wrapping is a general 
phenomenon at the interface between chain-like polymers and SWNTs, which is induced by 
both sufficient stiffiiess o f the polymers and the highly curved surface o f  the S W N T s . I n  
addition to these, factors such as solvent effects, chemical composition and polymer 
configuration, CNT diameter and chirality are amongst the other possible forces governing 
the helical polymer wrapping p r o c e s s . H o w e v e r ,  these ideas are still debatable, due 
to the lack o f highly sensitive and accurate real-time observation systems to monitor the 
subtle conformational changes in polymer layers on highly curved SWNT surfaces.'^'
3.3 rr-P3HT H elical  W r a p p in g  of  Ca r b o n  N a n o t u b e s
Nanohybrid structures formed by CNTs and polymers have attracted large interest for 
applications in areas such as biology, structural engineering and optoelectronics. In particular, 
when the polymer is conductive, the nanohybrids can be important for photovoltaics and 
optoelectronics. Therefore, the behaviour and properties o f rr-P3HT in the presence o f  CNTs 
has been studied extensively by several research groups during the recent years.
3 .3 .1  S y n t h e s is  o f  N a n o h y b r id s
Based on the literature, simple methods o f sonication, stirring have been reported to initiate 
helical polymer wrapping o f P3HT on CNTs in solution. Giulianini et have reported a 
continuous stirring process at 50° C combined with sonication to promote rr-P3HT-M W NT 
interactions. Schuettfort et al. have proposed a method o f synthesising rr-P3HT wrapped
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SWNTs which involves induction o f supramolecular interactions between the nanotubes and 
the polymer chains by ultrasonication (ultrasonic bath and probe sonication) followed by a 
solvent extraction method based on centrifugation to remove the impurities and excess 
polymer from the system.
The importance o f the use o f low density solvents (tetrahydrofuran, chlorobenzene) over high 
density chloroform like solvents is pointed out for efficient removal o f impurities as well as 
wrapping o f individual S W N T s . T h e  process generates excess polymer free P3HT/SWNT 
composites which are soluble in a majority o f common organic solvents such as 
chlorobenzene, dichlorobenzene, chloroform, etc. An image o f a P3HT wrapped (6,5) 
semiconducting SWNT is shown in fig. 3.3
Figure 3.3. Schematic diagram of a (6,5) semiconducting SWNT wrapped with a 
monolayer sheath of P3HT. Sulphur atoms are represented in blue, the earbon 
backbone is red and the hexyl side-chains are green. (Source: Ref.32)
3.4 S t r u c t u r e  a n d  O r ig in  of rr-P3HT H elical  F o r m a t io n  o n  Ca r b o n  
N a n o t u b e s
Imaging based on ultra-high vacuum STM (UHV-STM) has generated atomic-scale images 
o f rr-P3HT coated MWNTs showing uniformly coated MWNT surfaces with polymer helices 
for a length greater than 50 nm.'^^ The high degree o f polymer organisation along a wide 
region o f the CNT axis is an indication that a maximum number o f polymer strands present in 
the medium are adsorbed to the CNT surface to minimise the interactions with adjacent 
CNTs.'"''^’ In general, if the binding energy (BE) between the polymer-CNTs due to 
induced dipole/ van der Waals forces are higher than inter-tubular forces, self-assembly o f the 
polymer on the CNTs occur preventing re-aggregation o f CNTs to form bundles.
Studies by Giulianini et al}^^ further suggest that the rr-P3HT structure is organised in a 
double helix form around the MWNT core thus maximising the coverage o f the MWNT 
surface. The polymer interaction process is thought to be originating as a result o f  adsorption 
o f the polymer due to tt-ti stacking attractions between the aromatic thiophene rings o f the 
polymer and CNT hexagons. The orientation o f the stacked thiophene rings are parallel to the
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CNT axis as in the case o f polymer stacking on highly ordered pyrolytic graphite (HOPG)'"'^ 
where the rr-P3HT alkyl chains that are orthogonal to the polymer backbone further assists 
the polymer re-orientation process on the CNTs.'^^
The calculated average coiling angle (0) o f rr-P3HT on MWNTs from UHV-STM images is 
52±2° and the chain-to-chain distance (d) between the polymer strands is calculated to be 
1.98±0.14 nm.'"'^ Coleman and F e r r e i r a ' h a v e  introduced a simple model to calculate the 
chain-to-chain distance, d based on a polymer strand lying on a cylindrical surface 
(considering the geometry o f a CNT as a cylinder with a radius, R) and is depicted in fig. 3.4.
(A)
Figure 3.4. (A) Schematic representation of a single polymer strand (yellow strip) 
coiling around the axis of a nanotube with a radius of R. (B) A two-dimensional 
depiction of the unwrapped cylinder where the polymer coiling angle is 0. (C) 
Interdigitation of P3HT chains into an ordered lamella structure and the chain 
separation length is d.
The circumference o f the cylinder is 2tcR where R= r+ 6  where Ô is the Van der Waals 
distance o f the polymer and the tube surface (generally 6 = 3.5 Â) and r is the radius o f the 
cylinder. Therefore, based on the model, the two factors that affect inter-chain distance are (i) 
coiling angle, 0 and (ii) diameter o f the CNT.
The coiling angle dependence on the chirality o f the CNT is demonstrated by allowing rr- 
P3HT strands to self-organise on a (15,0) zig-zag type CNT where adjoining carbon 
hexagonal cells are oriented along 30° and 90° directions with respect to the CNT axis.'^^ The 
self-assembled polymer in this case exhibits an irregular helix (pseudo-helix) with two 
different coiling angles. Strikingly, one o f the coiling angles is 33°± 1° with respect to the
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CNT axis indicating that polymer adsorption on CNTs are strongly dependent on the chirality 
o f the n a n o tu b e s .T h e re fo re ,  it is believed that preferred assembly o f rr-P3HT on CNTs 
occur along established directions due to the n-n bonds.
Caddeo et have studied the variations o f helically wrapped rr-P3HT along a (15,0) zig­
zag nanotube with temperature. The results indicate that at T > 100 K, the polymers tend to 
move along the CNT generating several configurations with different coiling angles, number 
o f coils and morphologies. For a fixed polymer length, ideal helical configurations are 
observed at very low temperatures (fig. 3.5 - HH) and with the increase in temperature 
(around room temperature) the polymer relaxes into pseudo-helical structures (fig. 3.5 - H) 
as experimentally observed by Giulianini et By further increasing the temperature,
polymer strands aligned along the CNT axis (fig. 3.5 - A) are observed with the polymer 
tending to to fold up forming disordered, bundled morphologies at higher temperatures (fig.
3 . 5 -C). 139
'" 5 ^ .
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Figure 3.5. Configuration changes o f a single strand of rr-P3HT wrapped along a (15,0) 
zig-zag SWNT with temperature. (Source: Ref. 139)
Analysing the above configurations computationally, it has been suggested that, the lifetime 
(t) o f a particular configuration follows an Arrhenius law;’ '^
(3.2)
where. Eg is the activation energy o f unwrapping (calculated Eg -  0.09 eV), Kg is the 
Boltzmann constant and T is absolute temperature. Therefore, the experimentally observed 
pseudohelical structure is a state that is only metastable in vacuo and at room temperature.'^^ 
It should be noted that the theoretical calculations are all performed in vacuum as opposed to 
a real case where solvent interactions should be taken into account.
Further studies to demonstrate a chirality dependence on wrapping dynamics have been 
carried out using (15,0) zig-zag and (9,9) armchair CNTs with similar radii at 300 K.'^^ The 
results differ qualitatively in terms o f both coiling angles and the number o f  coils (fig. 3.6). In 
the case o f zig-zag nanotubes, -13  polymer coils are formed with an angle o f 60° and - 2  coils 
with an angle o f 30°. In the armchair case, -  4 coils with an angle o f 45° are formed while - 8
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coils adopt an angle o f 30°. The study implies the important role played by the CNT chirality 
on the final morphology o f the hybrid system.
Figure 3.6. rr-P3HT helical wrapping on (15,0) zigzag (left) and (9,9) armchair (right) 
nanotubes. The insets show the details of the thiophene/nanotube lattice matching 
where the two chirality types show different P3HT alignments. (Source: Ref. 139)
Interestingly, in the case o f the presence o f multiple helices (as in the real case'^^) on the 
same CNT, the results based on time taken to unwrap / lifetime of the configuration signify 
that the second chain is able to stabilise the helical arrangement o f the first chain thus, 
increasing the lifetime of the helical s t a t e . T h i s  behaviour is attributed to polymer-polymer 
inter-chain attractions that correspond to an ordered interdigitation o f the hexyl chains. 
Another reason for multi-helical formation over a single helix is due to the introduction o f 
significant bond angle strain in the polymer back bone during the formation o f a single tight 
coil.'^^ On the other hand, multiple helical wrapping allows higher surface area coverage with 
low back bone strain indicating the natural tendency o f multi-helical formation over a single 
helix. Therefore, it is expected that thermodynamic constraints also apply in helical self- 
assembly o f polymers along a CNT apart from geometric constraints.'^^
However, the hypothesis o f chirality dependent adsorption o f rr-P3HT can only be applied for 
flexible/semi-flexible polymers with more degree o f freedom for coiling. For rigid polymers, 
it has been shown that preferred coiling angles associated with minimisation o f coiling 
energy are present that does not depend on the CNT chirality.'^"
The total energy o f wrapping is a sum o f van der Waals based binding energy between the 
polymer and the SWNT which is independent o f the angle and coiling energy o f the polymer. 
The binding energy per unit length (B) is angle independent and is given by;
B = — a 0) (3.3)
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Where, a  is a measure o f the average binding energy per unit polymer area and co is the 
polymer width.
The coiling energy (C) is given by the equation;
C =  (3.4)
Where D is the stiffness constant o f the polymer, 0 is the coiling angle and R is the tube 
radius.'^'' The stiffness constant D is defined by;
D = Lp Kb T (3.5)
Where, Lp is the persistence length o f the polymer and KgT is the thermal energy.'^'' 
Generally, flexible polymers have a low Lp as opposed to stiff polymers having high Lp 
values. Therefore, it is evident that the coiling energy, C is higher for stiffer polymers and 
smaller tube diameters.
Combining the above equations, for a single strand the total energy o f wrapping per unit 
length o f polymer is;
E = B  + C =  -<T(ü+  (3.6)
Coleman et al}^^ have used the two polymers; polyacetylene (PA) and a 
polyphenylenevinylene derivative (PmPV) as examples o f flexible and stiffer polymers 
respectively. Based on the calculations, the coiling energy o f a polymer tends to be small in 
comparison to the binding energy. Also, the binding energy o f stiffer polymers is 
significantly higher than that o f flexible polymers due to the higher width (m) o f stiffer 
polymers. It is therefore clear that the contribution to the total energy o f  wrapping is 
dominated by angle independent binding energy (B) and especially for stiffer polymers no 
preferential coiling angles should be observed during polymer wrapping. Simulated total 
energy as a function o f coiling angle for PA and PmPV wrapped around a nanotube shows a 
small variation o f  the total energy with the coiling angle for PA.'^'' However, for PmPV two 
energy minima are obtained for angles 48° and 70° which is in good agreement with 
experimental results.
Therefore, the results suggest a binding energy dependent coiling mechanism for stiffer 
polymers while flexible polymers have more freedom to align themselves according to the 
hexagonal lattice o f  the underlying CNT.
During the synthesis o f  P3HT/SWNT composites Schuettfort et al}^^ have reported the use o f  
different solvents; toluene, o-xylene, / 7-xylene, THF and chlorobenzene. However, it is 
indicated that only THF and chlorobenzene disperses significant quantities o f individual 
SWNTs implying a strong correlation o f the nature o f the solvent to the polymer-SW NT
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solubility. A similar observation is reported by Hwang et al}^^ for Poly[9,9-bis-(2- 
ethylhexyl)-9//-fluorene-2,7-diyl] (PFO) coated SWNTs where a higher solubility o f 2 to 3 
orders o f magnitude higher for PFO/SWNT composites in THF and chloroform, in 
comparison to toluene. An interesting relationship is observed for these composite solubilities 
with the room temperature solubility o f  pristine SWNTs following the pattern chlorobenzene 
> THF > Toluene.'^"' Therefore, in solvent selection (polymer-SWNT preparation) it is 
important that the solvent solubilises both SWNTs and the polymer to a significant extent. 
Hwang et have further reported preferential binding o f polymers to SWNTs based on (i) 
species specificity (eg: poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-( 1,4-benzo-2,1 ',3-
thiadiazole)] (PFO-BT) in toluene preferentially binds with (10,5) species and in THF binds 
stronger with (9,4) SWNTs), (ii) chirality (eg: PFO in toluene favours armchair structures 
whereas in THF the phenomenon changes) and (iii) diameter (eg: PFO-BT show a preference 
for tube diameters in the range o f 0.9-1.5 nm but not in THF). It is thought that the change o f 
the solvent environment (polarity, aromaticity, solvent architecture) alters the polymers 
configuration and thus changes the interactions / binding energy between the polymer and the 
CNTs.
Preferential binding o f polymers with specific SWNTs has been an intensive field o f  research 
over the years as it allows separation o f SWNTs based on their properties (ie. Chirality, 
diameter). Generally, n-n stacking interactions between an aromatic polymer and CNT 
surface is likely to display preferred specific orientations. Therefore, different aromatic 
polymers show different selectivity towards SWNTs depending on the match between the 
aromatic polymer back bone and SWNT surface. However, the stacking effect becomes more 
sensitive with smaller diameter SWNTs as the curvature o f the graphene surface becomes 
larger making the stacking conditions more critical. Therefore, only polymers with specific 
configurations will be able to interact with small diameter SWNTs.
In the case o f rr-P3HT, no preferential binding / selectivity towards SWNTs is expected due 
to the semi-flexible nature o f the polymer having more freedom o f confirmation. In contrast, 
polymers like PFO show a great selectivity towards SWNTs due to the intrinsic structure that 
limits the possibility o f confirmation changes.
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(A)
rr-P3HT PFO
Figure 3.7. Chemical structures o f rr-P3HT (A) and PFO (B) displaying the structural 
rigidity o f PFO backbone in comparison to rr-P3HT.
3.5 D yn am ics o f  rr-P3HT W ra p p in g  o f  C a rb o n  N a n o tu b e s
The dynamics o f P3HT wrapping on SWNTs have been reported by Bernardi et al}^^ using 
theoretical simulations. Initially, a single strand o f P3HT has been allowed to self-assemble 
on a SWNT. The results indicate that adsorption and initial folding o f  the P3HT chain around 
the SWNT occur during the first 100 ps over which the energy steadily decreases.
After 100 ps the adsorbed polymer partially extends along the SWNT axis and continues 
folding around the SWNT to some extent while the energy fluctuates around a constant 
value.^ "^ ® This indicates that P3HT adsorption followed by folding on SWNTs is a fast process 
that takes place within 100 ps that equilibrates thereafter. Similar dynamics have been 
observed regardless o f the SWNT chirality and diameter. After equilibration, it is suggested 
that two competing factors; (i) n-n stacking interactions and (ii) torsional rigidity o f  the 
polymer drives the chain dynamics.*"^^ However, in the case o f  longer P3HT strands, 
disordered and bundled confirmations o f P3HT that are kinetically trapped are also observed 
where the folding is irreversible. Experimental evidence on such confirmations is reported by
Giulianini et based on P3HT/MWNTs.
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Figure 3.8. A P3HT chain kinetically trapped in a bundled, disordered state on a 
SWNT. (Source: Ref.140)
In order to give a real picture o f the self-assembly process during a typical P3HT/SWNT film 
preparation, the number o f P3HT strands has been increased to 20.^^^
9
Figure 3.9. A schematic representing a bundle o f (15,0) SWNTs individually wrapped 
with P3HT. Chains that do not contribute to the wrapping process form separate all 
P3HT domains. (Source: Ref. 140)
Simulations indicate that multiple P3HT strands are adsorbed onto the SWNT surface over 
the first 100 ps similar to the observations made with single P3HT strands. Within 500 ps o f 
total simulation time, small bundles o f SWNTs appear to form where each SWNT is coated 
with P3HT (fig. 3.9)."°
However, it should be noted that the simulations do not contain any solvent molecules and 
thus the solvent effects on self-assembly dynamics is neglected. However, the most 
significant effect o f non-polar solvents (e.g. chloroform, toluene) would be a slight screening 
o f the charges within a P3HT c h a i n . T h e r e f o r e ,  in a real experimental situation it is 
expected that the rate o f the self-assembly process would decrease in the presence o f  solvent 
molecules.
3.6 C h a rg e  T r a n s f e r  in  rr-P3HT/SWNT C om p lexes
Researchers have focussed on possible charge transfer mechanisms taking place at the rr- 
P3HT-SWNT junctions in rr-P3HT wrapped SWNTs. Stranks et have studied the 
charge photogeneration dynamics at the interface o f a monolayer sheath o f P3HT and small
48
diameter (6,5) semiconducting SWNTs using femtosecond spectroscopic techniques. Also, 
the formation o f a type-II heterojunction at the interface has been previously reported by 
Schuettfort et and Kanai et based on spectroscopic and theoretical calculations. 
Results o f femtosecond analysis suggests that the photoexcitation o f P3HT monolayers leads 
to an ultrafast electron transfer from the polymer to the SWNT on a time scale o f  400 fs.^ "^  ^
Consequently, the remaining hole on the P3HT which is confined to the monolayer either 
forms a bound charge-transfer complex across the interface (if the hole wave function is 
located mainly on the polymer) or non-radiative recombination occurs on the SWNT (if the 
hole waveflmction cross over to the SWNT). Thus, in both cases no free charges are 
produced. In order to enhance long term charge separation, introduction o f an excess P3HT 
network surrounding the nanohybrids has been proposed which will facilitate the transport o f 
the generated holes away from the interface by the excess polymer.
However, Dissanayake and Zhong^^^ reported a contradictory observation o f  hole doping o f 
SWNTs in contact with P3HT. The study is based on a P3HT/SWNT heterojunction 
containing a single nanotube. Electrical characterisation o f the system (photovoltaic devices 
and transistor measurements) suggests that both s-SWNTs and m-SW NTs act as efficient 
hole acceptors, instead o f electron acceptors, which is a result o f  an electron transfer from the 
SWNT to P3HT.
In a recent study Lan and Li^^^ reported the action o f SWNTs as hole extractors using Kelvin 
probe force microscopy (KPFM) and hole mobility measurements. When SWNTs are in 
contact with the electron enriched surface in a P3HT:PCBM photovoltaic architecture the 
surface potential o f SWNTs in KPFM analysis under dark and illumination remains the same 
while it increases when the SWNTs touch the hole enriched surface. This proves that 
electrons are blocked by SWNTs while holes are transferred to SWNTs when in contact with 
P3HT. Moreover, a band bending mechanism at the junction o f P3HT/SWNT is proposed 
that explains the restriction o f electron flow from P3HT to SWNT as a result o f  a potential 
barrier (Schottky like) formation.
Importantly, the SWNT hole doping mechanism over electron doping is further proven by the 
reported high Voc values (I V or higher) for P3HT/SWNT photovoltaic devices which is 
impossible to obtain if  P3HT acts as the electron d o n o r . S i n c e ,  Voc has a linear 
relationship with the effective bandgap (difference between the HOMO o f the electron donor 
and LUMO o f the acceptor), i f  SWNTs act as the acceptor the Vqc should be less than a few 
hundred millivolts (considering P3HT-HOMO = 5.2 eV and SWNT ionisation potential = 4.7
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eV). If  SWNTs act as electron donors, the effective bandgap becomes ~ 1.5 eV (P3HT- 
LUMO ~ 3.2 eV) which explains the observation o f  high Voc values in devices.
Considering that the SWNTs donate electrons to P3HT, the poor device performance in 
P3HT/SWNT active layer based photovoltaics is attributed to the poor electron mobilities o f 
P3HT that results in charge accumulation enhancing recombination o f  charges before 
reaching the electrodes.
3 .7  Sum m ary
The chapter presents a review o f different functionalisation processes used for CNT 
dispersion, where covalent and non-covalent fimctionalisation techniques have been 
described in detail. The synthesis o f P3HT wrapped CNTs based on supramolecular 
interactions is discussed followed by the structure and origin o f  P3HT helical formation on 
CNTs. The selectivity o f polymer wrapping on the CNT chirality and diameter, nature o f  the 
polymer and the type o f solvent is also discussed based on the theoretical and experimental 
data found in the literature. Finally, the dynamics o f P3HT wrapping o f CNTs and the 
possible charge transfer processes between the polymer and CNTs have been described.
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Ch a p t e r  4
Ex p e r im e n t a l  T e c h n iq u e s
4 . 1  In t r o d u c t io n
The experimental techniques used in this work are described in this chapter. Descriptions o f 
optical characterisation techniques ie, UV-Vis-NIR, Raman, FTIR spectroscopy and XPS are 
given initially followed by microscopic technique, AFM and thermal analysis technique, 
TGA. A method o f sheet resistance calculations o f films based on TLM (transmission line 
method) is then described. Finally, thermal evaporation o f electron blocking layers and 
electrodes for OPV fabrication are discussed with OPV characterisation techniques including 
EQE.
4 .2  O p t ic a l  Ch a r a c t e r is a t io n
4.2.1 UV-Vis-NIR S p e c t r o s c o p y
4.2.1.1  B e e r - L a m b e r t ' s  L a w
The principle o f UV-Vis-NIR (Ultraviolet-Visible-Near Infrared) spectroscopy is based on 
Beer-Lambert’s law where absorbance (A) is directly proportional to the concentration (c) o f 
the absorbing species (mol dm'^) and the path length (1) o f  the absorbing 
solution/material/thin film (cm). The Beer-Lambert’s law could be expressed mathematically 
as follows;^^^
A -  e e l  (4.1)
Where, s is the absorption coefficient /  molar extinction coefficient (moF^ dm^ cm'^) which is 
independent o f concentration (c) and path length (/) and,
A = l ogd f )  (4.2)
lo is the intensity o f incident radiation and I  is the intensity o f  transmitted radiation.
Different molecules absorb at different wavelengths o f photons and the wavelength at which 
maximum absorption occurs is denoted by Zmax- The factors affecting s and Xmax are the
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nature o f the solvent, nature o f the absorbing molecule (type o f electronic transitions), degree
of conjugation for conjugated materials. 162. 163
4.2.1.2 T y p e s  o f  E l e c t r o n i c  T r a n s i t i o n s
With the irradiation o f UV or Visible light, electrons in atoms or molecules excite from the 
ground state to excited states and three types o f transitions are prominent in materials;
(i) Transitions involving o, k and n electrons.
(ii) Charge transfer transitions.
(iii) Transitions involving d and f  electrons.
However, in a molecule rotational and vibrational modes are also possible due to the rotations 
and vibrations o f atoms with respect to each o t h e r .T h e r e f o r e ,  the discrete rotational and 
vibrational energy levels are also considered as being packed on top o f each electronic energy
level (fig. 4.1). As a result o f the superposition o f all three transitions, the absorption
transitions o f molecules appear as continuous bands rather than discrete lines.
ot
V ibrational levelsR otational levels
Figure 4.1. A Jablonski diagram representing the ground electronic state (Eo) and the 
excited electronic state (Ei) where the arrows represent absorption transitions to 
different vibrational energy levels of the E% state. Discrete vibrational and rotational 
energy levels are stacked on top of each electronic level.
(i) Transitions involving o, n and n electrons.
The light absorbing functionality in an organic molecule is called a “chromophore” which 
contains valence electrons o f low excitation energy. Possible electronic transitions generated 
in a chromophore are schematically illustrated in fig. 4.2.
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Figure 4.2. An energy level diagram showing the probable transitions involving o, tt 
and n electrons.
0 ^ 0 * transitions occur when electrons in a bonding o orbital is excited to the corresponding 
Ü* antibonding o rb i t a l .G en e ra l ly ,  these transitions require a large amount o f energy (Imax ~ 
125 nm) and are not seen in typical UV-Vis s p e c t r a . n - ^  o* transitions are seen in 
molecules containing lone pairs / non-bonding electrons and are generally seen in the -150- 
250 nm region in an absorption spectrum, n -^  tt* and n are the most prominent transition 
types observed in UV-Vis spectra originated in the wavelength region o f -  200-700 nm.'^^ 
The transitions are observed only in molecules containing an unsaturated group (tc electrons). 
Identification o f n ^  n and n* transitions are possible through absorption coefficients 
where £ for n ^  tt* transitions are relatively weak ( 10-100  m o f ’ dm^ cm '’) in comparison to 
71-^  7T* transitions ( 1 0 0 0 -1 0 0 0 0  m o f’ dm^ cm '’).’^^
(ii) Charge transfer transitions.
Most inorganic materials show transitions o f this type where one o f the complex’s 
components is electron donating and the other is electron accepting. The transitions occur 
with the transfer o f electrons from the donor orbitals to the acceptor orbitals. The key feature 
o f charge transfer transitions is the significantly high s values which are generally > 10000 
m o f’ dm^ cm"’.’^^
(iii) Transitions involving d and f  electrons.
These transitions are normally observed in inorganic complexes containing d or f  block 
elements. The transitions involving d and f  electrons are relatively weak with s values in the 
range o f 5-500 m o f ’ dm^ cm '’.’^^
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4 . 2 . 1 . 3  UV-Vis-NIR S p e c t r o m e t e r
A Varian Cary 5000 UV-Vis-NIR spectrometer was used in this work and a schematic 
diagram o f a double beam UV-Vis-NIR spectrophotometer is given in fig. 4.3.
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Filter
R eferen ce
C u v e tteMirror 4 D e tec to r  2
R efe re n ce
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C u v e tte D e te c to r  1
Mirror 3 L en s 2
Figure 4.3. A schematic representation of a double beam UV-Vis-NIR spectrometer. 
(Source: Ref. 167)
Two lamps are used to provide the radiation across the UV-visible wavelength range where 
one lamp covers the UV segment and the other the visible part. In the spectrometer used for 
this work, a mercury lamp is used to provide UV radiation and a tungsten-halogen lamp is 
used for visible radiation. The light beam from the source is made parallel by two collimators 
and the wavelength is split by two diffraction gratings followed by a narrow slit to provide 
monochromatic radiation illumination.
The radiation transmitted through the sample and the reference cell is deteeted by a 
photomultiplier/photodiode followed by an electron multiplier. The spectrum is then 
generated by comparing the currents produced by the sample and the reference beams. An 
acquired UV/Vis absorption speetrum o f rr-P3HT in dichlorobenzene is given in fig 4.4 
where the peak at 460 nm is due to n -^  k* transitions o f the polymer.
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Figure 4.4. UV/Vis absorption spectrum of rr-P3HT in dichlorobenzene. The peak 
absorption at 460 nm is attributed to n transitions of the polymer.
4.2.2 Raman Spectroscopy
4.2 .2 .1  Raman Scattering
Interaction o f light with matter can occur in three ways; absorption, reflection and scattering. 
Raman spectroscopy is the study o f inelastically scattered light when photons are incident on 
materials. The most common phenomenon o f scattering is the elastic type (only one out o f a 
million is inelastically scattered), which is attributed to Rayleigh scattering. In Rayleigh 
scattering the scattered photons have the same wavelengths as the incident light.
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Figure 4.5. A Jablonski diagram representing three possible scattering modes; Rayleigh, 
Raman Stokes scattering and anti-Stokes scattering.
In Raman scattering, the incident photons interact with matter resulting in photons with lower 
or higher energies. Photons with red shifted energies are the most commonly observed where 
the energy shift is called a “Stokes shift” and a blue shift o f scattered photons is called an 
“anti-Stokes shift” . In the case o f a Stokes shift, the incident photons interact with the 
electron cloud o f a molecule that excites the electrons to a virtual energy state. The electrons
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then relax into a vibrational or rotational state that causes the photon to lose a part o f its 
energy resulting in scattered radiation with lower energies compared to original radiation (fig.
4 .5 ) . '“
The intensity o f  anti-Stokes lines are generally much less intense than Stokes lines. The 
reason is that in order to observe an anti-Stokes transition, the molecule should be in a 
vibronic excited state prior to photon irradiation. Hence, in Raman spectroscopy, only the 
more intense Stokes lines are measured.
The energy difference between the incident and scattered photons associated with the Stokes and 
anti-Stokes transitions is expressed in wavenumbers. Usually this is measured as the difference 
between the wavenumber of the incident photons and the scattered photons and is called the 
“Raman shift”. T h e  Raman shift is mathematically calculated as follows;
Where, Aco is the Raman shift, Xq and are wavelengths o f incident and scattered emitted 
photons respectively.
The shift o f  energy (Rayleigh, Stokes or anti-Stokes) is directly related to the vibrational 
energy levels in the ground electronic state o f a molecule and therefore, is dependent on the 
functional groups, the structure o f  the molecule and the molecular environment that governs 
the vibrational energy o f the molecule. Therefore, Raman spectroscopy is used as an 
identification technique o f both organic and inorganic materials. However, inorder for a 
molecule to be Raman active the molecule should be polarisable. The greater the 
polarisability o f the functional groups the greater the Raman scattering intensity.
4 . 2 . 2 . 2  M icro  R a m a n  S p e c t r o m e t e r
During the course of study, Raman spectra o f active layer thin films were obtained from a 
Renishaw micro-Raman system with a 514.5 Ar+ laser. The use of this wavelength leads to a 
strong Raman signal for sp^carbons due to its resonance effect with the molecules.
A micro Raman spectrometer combines aspects of both microscopy (micro scale imaging) and 
Raman spectroscopy allowing the use of small quantities of samples for analysis. The sample is 
initially illuminated through the objective o f the microscope with a monochromatic laser 
beam followed by the collection o f scattered light from the sample through the same (fig.
4 .6 ) .
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Figure 4.6. A schematic diagram of a micro Raman setup where the Raman 
spectrometer is coupled with a microscope. (Source: Ref. 170)
The scattered light then enters the Raman spectrometer where it is separated into Stokes 
shifted frequencies by a diffraction grating. The separated light is then focussed onto a CCD 
array detector and the intensity o f each frequency is measured by an individual pixel on the 
array. By feeding the signal to a computer a spectrum is generated which displays the 
intensity o f the Stokes shifted light in wavenumbers relative to the exciting laser wavelength. 
A spectrum acquired for a sample o f s-SWNTs using a 514.5 nm laser is given in fig. 4.7 
displaying the Raman G-band.
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Figure 4.7. A Raman spectrum obtained for a sample o f s-SWNTs displaying the 
Raman G-peak.
4.2.3 FTIR Spectroscopy
4.2.3.1 V ibrational M odes
The energy o f IR (Infrared radiation) is insufficient to induce electronic transitions as seen 
with UV/Vis radiation and thus, absorption o f IR is limited to materials with small energy 
gaps in the vibrational states. For molecules to be IR active the vibrations within a molecule 
must cause a net change in the dipole moment where the alternating electrical field o f the 
radiation interacts with the fluctuating dipole moment. If the vibrational frequency and the
57
frequency o f radiation match the radiation will be absorbed resulting in a change in the 
amplitude o f molecular vibration/
A molecule containing n number o f atoms has 3n degrees o f freedom where 6 o f  the modes 
are translational and rotational/^* Therefore, for non-linear molecules the degrees o f 
vibrational freedom is (3n-6) and (3n-5) for linear molecules/^* Different modes o f 
vibrations are present where stretching and bending are the two main categories. Stretching 
modes are further divided as symmetric and asymmetric whereas, bending modes fall into 
four sub categories; in-plane scissoring, in-plane rocking, out-of-plane wagging and out-of­
plane twisting.
Assuming that covalent bonds are not rigid and that they act as stiff springs that can be 
stretched and bent the frequency o f  vibrations depend on the strength o f  the bonds involved 
and the mass o f the atoms and is given by the relationship;*^^
V =  ^  (4.4)
Z ttc  ■yj Tnim.2
Where, u is the frequency o f vibration (s'*), c is the velocity o f light, f  is the force constant 
and mi and m2 are masses o f atoms.
4.2.3.Z FTIR S p e c t r o m e t e r
A Nicolet 460 Fourier transform infrared (FTIR) spectrometer with a ceramic broadband 
source, a caesium iodide beam splitter and a liquid nitrogen cooled mercury cadmium 
telluride detector was used to measure the transmittance o f the samples at 300 K. The 
samples were deposited on polished germanium substrates. The transmittance is equal to I/Io, 
where I is the intensity o f the transmitted light through the sample and undoped Germanium 
substrate and lo is the intensity o f the transmitted light through the undoped Germanium 
substrate. The sample compartment was continuously purged with dry nitrogen to reduce 
absorptions due to atmospheric water vapour and carbon dioxide. A schematic diagram o f  a 
FTIR spectrometer is given in fig. 4.8.
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Figure 4.8. A schematic representation of a FTIR spectrometer. (Source: Ref. 174)
An IR energy beam is emitted from a source where the beam is then passed to an 
interferometer. Inside the interferometer, the light passes through a beamsplitter that directs 
the light in two directions at 90° angles. One beam goes to a stationary mirror then reflected 
back to the beamsplitter where the other beam is incident on a moving mirror. The motion o f 
the mirror makes the total path length variable relative to that taken by the stationary mirror 
beam. When the beams are reflected back to the beamsplitter, they recombine/interfere either 
constructively or destructively due to the difference in path lengths creating an interferogram. 
The recombined beam is the passed through the sample. The sample absorbs specific 
wavelengths o f energy characteristic o f its nature and this subtracts specific wavelengths 
from the interferogram. The detector reports variation in energy versus time for all 
wavelengths simultaneously. The computer then Fourier transforms the data resulting in the 
final spectrum o f transmittance intensity versus frequency, A FTIR spectrum o f rr-P3HT in 
the wavelength region o f 1260-1620 cm'* is given in fig. 4.9.
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Figure 4.9. FTIR spectrum of rr-P3HT in the wavelength region of 1260-1620 cm \  The 
peaks at 1377 cm \  1460 cm'* and 1511 cm * are attributed to bending vibration modes 
of -C H 3, symmetric and asymmetric C=C stretching vibrations of the thiophene rings 
respectively.
4 . 2 . 4  X-RAY P hotoelectron Spectroscopy (X PS)
X-ray Photoelectron Spectroscopy (XPS) is a powerful surface analysis technique in studying 
chemical compositions o f surfaces (3-10 nm). The basic operational principle o f XPS is the 
photoelectric e f f e c t ' w h e r e  electrons are ejected from the core and valence levels o f the 
atoms by an incident X-ray beam (soft X-rays with a photon energy o f 200-2000 eV). The 
kinetic energy distributions o f the emitted photoelectrons are then analysed to gather useful 
information on the composition and electronic state o f the sample surface.
4 . 2 . 4 . 1  P rinciples of XPS A nalysis
The photoelectric process is schematically represented in fig. 4.10.
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Figure 4.10. Schematic representation of the photoelectric effect where an electron is 
ejected through exposure to high energy photons. (Source: Ref. 177)
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The photoionisation process using photons with hv energy could be expressed as;
A + /iv + e-
Where, A is a neutral atom and A"^  is the ionised atom after an electron is ejected.
According to conservation o f energy;
E(A) + hy = E(A^ ) + E(e-) + 4> (4.5)
Where, 4» is the workftmtion o f the material.
Since the energy o f electrons is equal to kinetic energy (KE) the equation can be rearranged 
as;
K E  = ^ v -  [ E(A^) - E(A) ] - 4) (4.6)
The term [E(A^ ) - E(A)] representing the difference in energy between the ionised and 
neutral atoms is the binding energy (BE) o f the electron and thus the equation for KE could 
be written as;*^^
K E = h \ -  BE - (4.7)
However, as the Fermi level (Ep) o f the sample is aligned with the Ep o f the spectrometer 
(fig.4.11) during a measurement, it sufficient to know the 4» o f  the spectrometer to calculate 
the BE.
For each element there will be a characteristic binding energy assoeiated with each orbital 
which the electron was ejected from (eg: Is, 2s, 2p, etc.). Therefore, in a XPS experiment 
different elements will generate a characteristic set o f peaks in the XPS spectrum at kinetic 
energies determined by the photon energy and the respective binding energies. Furthermore, 
quantitative analysis o f elements present in a sample surfaee is also possible as the intensity 
o f the signals is related to the concentration o f the element within the sampled region.
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Figure 4.11. Alignment o f the sample Fermi level with the Fermi energy of the 
spectrometer. (Source: Ref. 177)
4 .2 .4 .Z  X-RAY P h o t o e l e c t r o n  S p e c t r o m e t e r
In this study, X-ray photoelectron measurements were conducted at the synchrotron beam 
line UE 52 PGM, Bessy II, Universitat Würzburg using a hemispherical SCIENTA SES 200 
photoeleetron energy analyser. The base pressure in the setup was maintained below 10’’  ^
mbar. Core level spectra were obtained using photon energies o f 1250 eV and 400 eV and 
valence level spectra were taken using a photon energy o f 125 eV.
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Figure 4.12. An XPS setup with a hemispherical energy analyser.
6 2
A schematic illustration o f a XPS instrument is shown in fig. 4.12.
The basic components o f a XPS setup are;'^^
(i) An X-ray source o f fixed energy radiation.
(ii) An electron energy analyser which disperses the emitted electrons according to their 
kinetic energy and measures the emitted electron flux at a particular energy. Then the 
measured kinetic energies are presented in a BE scale in a XPS spectrum. The reason 
for this conversion is that if  the spectra were presented on a KE scale one would need to 
know the energy o f the X-ray source used in order to compare the chemical states in a 
sample measured using two different sources. Therefore, the binding energy scale was 
derived to make uniform comparisons o f samples irrespective o f the source energy 
used.
Although a number o f designs o f electron energy analysers are present the preferred 
option for photoemission experiments is a concentric hemispherical analyser (CHA) 
where the dispersion and selection o f electrons according to their kinetic energies is 
carried out in an electric field between two hemispherical surfaces.
(iii) A high vacuum environment is essential for several reasons; to remove adsorbed gases 
and contaminants from the sample surface, to prevent arcing and high voltage 
breakdown and to increase the mean free path for electrons, ions and photons.
A core level XPS S 2p spectrum of rr-P3HT/s-SWNTs recorded at a photon energy of 1250 eV is
given in 4.13.
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Figure 4.13. Core level XPS S 2p spectrum of rr-P3HT/s-SWNTs obtained at a photon 
energy of 1250 eV.
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4.3 ATOMIC FORCE MICROSCOPY (AFM)
The AFM (atomic force microscopy) is a scanning probe microscopic technique that is used 
to obtain topographical information from a material. The AFM operates by measuring the 
attractive or repulsive forces between a tip and the sample.
In the contact mode the tip which is mounted on a cantilever lightly touches the sample 
surface as a raster-scan drags the tip over the sample.’ The repulsive force between the tip 
and the sample is then measured (through the vertical deflection o f the cantilever) which 
depends on the tip-sample separation. At very small tip-sample distances o f a few angstroms 
(contact mode) a very strong repulsive force acts between the tip and sample atoms. The 
repulsions are called “exchange interactions” which is due to the overlap o f the electronic 
orbitals at atomic distances. Depending on the surface features (bumps and depressions) the 
tip-sample forces are altered and thus the sample height is measured through the vertical 
deflection o f the cantilever.
In non-contact mode the AFM images are obtained from the measurements o f attractive 
forces where the tip does not touch the sample surface. The attractive forces are Van der 
Waals in nature where an instantaneous polarisation between the tip and sample atoms 
creates attractive polarisation interactions.
A VEECO Dimension 3000 AFM operating in the tapping mode was used for the work 
reported in this thesis and a schematic illustration is given in fig. 4.14.
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Figure 4.14. A schematic diagram of an atomic force microscope (AFM). (Source: Ref. 
181)
The other mode o f AFM is called tapping mode. In this, the imaging is carried out by 
oscillating the cantilever at or near its resonance frequency using a piezoelectric crystal. The 
piezo motion causes the cantilever to oscillate with a high amplitude (generally > 20nm)
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when the tip is not in contaet with the surface. The oscillating tip is then moved toward the 
surfaee where it taps the surface and lifts off at a very high frequency (50000 to 500000 
cycles per second). When the cantilever tip is touching the surfaee (tapping) the oscillation 
amplitude is reduced due to the energy loss caused by the tip contacting the surfaee. This 
amplitude reduction is used to identify surfaee features.
A feedback loop is used to maintain the cantilever oscillation amplitude at a constant value. 
When the tip passes over a bump in the sample surface the oscillation amplitude decreases as 
the space for the cantilever to move vertically is now reduced. The opposite happens when 
the tip passes over a depression where the oscillation amplitude increases. The oscillation 
amplitude is then measured by a detector and the feedback loop then adjusts the tip-sample 
separation distance to maintain a constant oscillation amplitude.
In the AFM tapping mode the direct force between the tip and the sample is not measured and 
the force curve is constructed by adding the short range repulsive forces and long range 
attractive forces as shown in fig. 4.15.
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Figure 4.15. Inter-atomic force vs. distance where the force is denoted by U. (Source: 
Ref. 182)
An AFM image o f a sample o f rr-P3HT/s-SWNTs on ITO/Glass is given in fig. 4.16.
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Figure 4.16. AFM image of a sample of rr-P3HT/s-SWNTs coated on ITO/Glass. The 
substrate ITO/Glass is visible underneath the nanohybrid network.
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4 . 4  T herm o  Gravim etric  A nalysis (T G A )
Thermo gravimetric analysis (TGA) measures the amount and rate o f change in the weight o f 
a material as a function o f increasing temperature (constant heating rate) or as a function o f 
time (constant temperature) in a controlled atmosphere. Generally, a weight loss indicates 
decomposition, desorption, loss o f volatiles or moistures, reduction and a weight gain is 
indicative o f oxidation and absorption. Therefore, several important information o f a material 
can be gathered by TGA such as, the thermal stability, oxidative stability, composition o f 
multi-component systems, moisture and volatile content, decomposition kinetics and the
effects o f reactive or corrosive atmospheres on materials. 183
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Figure 4.17. A schematic representation of a TGA. (Source: Ref. 183)
A TGA Q500 V6.7 build 203 module TGA was used for this work and a schematic 
representation o f a typical TGA setup is given in fig. 4.17. The mass change is measured 
using a thermobalance as a function o f temperature and temperature under a controlled 
environment with respect to gas atmosphere, heating rate, flow rate, crucible type, etc. The 
thermobalance operates on a “null-balance” principle. At the “null” / zero position equal 
amounts o f light incidents on the two photodiodes.’^^  If the balance moves out o f the initial 
“null” position an unequal amount o f light shines on the photodiodes. Then a current is 
applied, for the meter movement to return the balance to the “null” position. The amount o f 
the applied current is proportional to the weight loss or gain and hence, a plot o f the weight
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change vs. temperature/time is recorded. A TGA plot and the corresponding derivative plot 
(DTG) o f s-SWNTs are shown in fig. 4.18. The derivative weight curve (DTG curve) which 
measures the slope or derivative o f the mass change with temperature is used to determine the 
temperature at which a maximum weight loss occurs.
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Figure 4.18. TGA and derivative curve of pristine s-SWNTs ramped from room 
temperature to 800° C at 10° C min ' in air.
4 .5  T ransm issio n  Line M eth od  (T L M )
Calculation o f the sheet resistanee was carried out using the transmission line m e t h o d . T h e  
technique involves making a series o f Ohmie metal-semiconduetor contaets with different 
channel lengths (fig. 4.19). Probes are in contact with a pair o f contacts, and the resistanee 
between them is measured by applying a voltage across the contacts and measuring the 
resulting eurrent.
The total resistance measured (Rj) is a linear combination o f the contaet resistance o f the first 
eontact (Rc), the contact resistance o f the second contact (Rc) and the sheet resistance o f the 
semieonductor in-between the contacts (Rs). The relationship between Rc and Rs is given in 
equation 4.8.
Rt = + 2R, (4.8)
Where, A is the area which could be written as.
(4.9)
A  = W T (4.10)
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Figure 4.19. A schematic of metal contacts with different separation lengths with the 
conducting film of interest coated throughout the substrate. Li, Lj and L3 are metal 
contact separation lengths, W is the width of the contacts and T is the thickness of the 
sample.
Using equation 4.8, 4.9 and 4.10, the following relationship (equation 4.11) is obtained whieh 
could be used to measure the sheet resistanee o f the conducting film (psheet) by measuring Rt 
using different electrode separation lengths.
(4.11)
Where,
P s h e e t  — P / T (4.12)
E
o
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Figure 4.20. Plot o f resistance, R t  v s .  electrode width, LAV. The sheet resistance o f the 
film is given by the slope of the plot and the intercept is 2Rc.
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Therefore, by using the slope o f  a plot o f  Rt versus L (fig. 4.20) the psheet o f the film can be 
calculated. By using the value o f the intercept the contact resistance can be determined from 
this technique.
4 . 6  F a b r ic a t io n  a n d  Ch a r a c t e r is a t io n  o f  O P V  D e v ic e s
The substrate cleaning process prior to deposition o f films was carried out as follows;
Glass and ITO/glass substrates were cleaned in an ultrasonic bath (Ultrawave Q200) using 
acetone and methanol for 5 minutes each and were subjected to an oxygen plasma treatment 
(A EMS1050X Plasma asher) for further 5 minutes. The oxygen plasma removes organic 
residue from the surface and makes the surface more hydrophilic.
Preparation o f the active layers for OPV fabrication was carried out as follows; 
rr-P3HT/PC7oBM active layer: A mass o f 20.00 mg each of rr-P3HT (Reike) and PCtoBM (99% 
pure; Solenne) were added to 1.0 ml o f 1,2-dichlorobenzene and the solution was stirred 
overnight after which filtering of the solution was carried out using a 0.2 pm filter.
PTBT/PCyoBM active layer: A mass o f 10.00 mg o f  PTB7 (1-material Chemscitech Inc.) and 
15.00 mg o f PC70BM (99% pure; Solenne) were added to 1.0 ml o f chlorobenzene/1,8- 
diiodooctane (97:3 vol%) and the solution was stirred for 1 week.
The spin coating processes were carried out using a Laurell spin coater. The thicknesses o f 
the films were determined by an alpha-step 200 profilometer and a VEECO Dimension 3000 
AFM.
The thermal evaporation o f BCP (Sigma-Aldrich) was performed through sublimation from 
an electrically heated crucible inside a nitrogen filled MBRAUN glove box and the 
aluminium (Sigma-Aldrich 99.9999% 1 mm^ A1 wire) deposition was carried out using an 
electrically heated tungsten filament (Agar-Tungsten Filament 40 Amp). The rate o f 
evaporation and the thickness were measured using an Infieon Sigma SQM 160 thickness 
monitor. The device area marked by ITO and A1 electrode overlap is 0.75 cm^ and the devices 
were masked with a 0.385 cm^ aperture (for rr-P3HT/PC7oBM active layers) and with a 0.032 
cm^ aperture (for PTB7 /PC70BM active layers) prior to AM 1.5 G illumination and 
measurements o f solar cell performance.
4 . 6 . 1  S t a n d a r d  S o l a r  S p e c t r u m
The PCE o f  solar cells depend on the power and the spectrum o f the incident radiation. The 
light emitted from the sun is attenuated by the atmosphere not only changing the intensity but 
also the whole spectral distribution. The higher energy portion (UV) o f  sun light is filtered
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out by the ozone layer and atmospherie carbon dioxide and water molecules absorb the low 
energy (IR) wavelengths. Also, the radiation seattering effects by molecules and dust 
partieles in the atmosphere alters the solar speetrum.'^^
The most important parameter in determining the total incident power under elear conditions 
is the optieal path length o f the radiation through the atmosphere. The optical path length is 
shortest when the sun is directly overhead (the sun is at its Zenith) the Earth’s s u r f a c e . T h e  
ratio o f any actual path length to this minimum value is known as the optical air mass (AM). 
When the sun is directly overhead, the optical air mass is unity and the radiation spectrum is 
referred to as AM I radiation. The standard spectrum outside the Earth’s atmosphere (in 
space) is called AMO spectrum (fig. 4.21).
When the sun is at an angle 6*^ , the air mass is given by the following equation;
Air Mass = — — (4.13)
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Figure 4.21. Schematic representing the optical air mass (AM) distribution at different 
locations on earth. (Source: Ref. 187)
However, in general the sun is not directly overhead worldwide and therefore, for comparison 
o f the performance o f solar modules standard test eonditions have been designed. Hence, the 
AM1.5G spectrum is designated for flat plate module terrestrial applications and it is the 
standard spectrum o f sun at earth’s atmosphere (fig. 4.22).
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Figure 4.22. Standard solar spectra AM1.5G, AM1.5D and AMO for space and 
terrestrial use. (Source: Ref. 188)
The AM1.5G distribution has an integrated power density o f 1000 W m'^ and an integrated 
photon flux o f 4.31x10^’ s"'m'^ distributed over a large range o f wavelengths (280-4000
In this work, the standard AM 1.5G spectrum is obtained from an Oriel solar simulator (LCS- 
100 solar simulator model 9401 lA). The required illumination o f 1000 W m'^ is produced by 
a 300 W Xe arc lamp (as the Xe arc lamps are considered to provide the closest match to the 
standard AM1.5G spectrum) and is combined with the relevant optics and filters to produce 
AM1.5G spectrum. A schematic diagram of a solar simulator is given in fig. 4.23.
The LCS-lOO solar simulator model 9401 lA  is a class A simulator according to lEC 60904-9 
2007 spectral match classification, class B according to beam non-uniformity classification 
lEC 60904-9 2007 and class B according to temporal instability (lEC 60904-9 2007). 
Photovoltaic current-voltage characteristics are performed according to standard test 
conditions defined in lEC 60904-3 standard.
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Figure 4.23. A schematic diagram representing a solar simulator setup. (Source: Ref. 
190)
4 .6 .2  CURRENT-VOLTAGE CHARACTERISTICS
A Keithley 2425 source meter was used in this work for the measurement o f the current- 
voltage characteristic o f the OPV devices by illuminating the devices with simulated AM 1.5 
G light at room temperature. The Keithley 2425 is capable o f sourcing the voltage whilst 
recording the photogenerated current. The device was mounted on a custom made test bed 
and was illuminated through the glass side. Device contacts were made through four probes 
connected directly to the Keithley 2425. A custom made Labview programme was used for 
the data collection o f current and voltage. From the recorded current-voltage values, the 
fundamental parameters, Vqc, Jsc, FF and PCE were calculated. Figure 4.24 illustrates the 
experimental setup used for current-voltage measurements.
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Figure 4.24. A schematic of the photovoltaic output characteristics measurement setup 
used.
Typical J-V curves obtained for a deviee with the architecture 
ITO/PEDOT:PSS/PTB7:PC7oBM/BCP/A1 under dark and illuminated conditions are shown 
in fig. 4.25.
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Figure 4 .2 5 .  J - V  curves under dark and illuminated conditions ( A M  1 .5  G ,  1 0 0 0  W  M '^ )  
for a device with an architecture: I T O / P E D O T : P S S / P T B 7 : P C 7 o B M / B C P / A I .
4.6.3 Measurement of External Quantum  Efficiency (EQE)
External quantum efficiency (EQE) is a tool used in solar cell characterisation for 
quantification o f the photo generated current at each wavelength o f the incident solar 
spectrum. The integration o f an EQE spectrum over the wavelength range allows the 
calculation o f the Jsc o f a device.'^’ EQE o f a solar cell is defined as the ratio between the 
extracted charges and the incident photons for a given wavelength.
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EQE = Number of charges collected by the solar cell 
Number of incident photons
(4.14)
The number o f charges extracted by a solar cell is always less than the number o f charges 
produced due to exeiton decay, recombination and other charge trapping processes. 
Therefore, the final EQE o f a cell is governed by the optical absorption of light that creates 
free charge carriers, the electrical transport characteristics o f the charge carriers and trapping 
or recombination o f charges.
A Bentham PV300 photovoltaic device characterisation system under AM1.5G simulated 
illumination is used in this project where the radiation source is a Xe lamp. Prior to carrying 
out measurements on the device, the EQE system is calibrated through the measurement o f 
the spectral responsivity (current generated per watt o f incident light at a fixed wavelength) 
o f a reference Si cell whose response is valid over the wavelength range o f 300 -  1100 nm. 
Then, the spectral responsivity o f the device o f interest is measured over a wavelength range 
which is subsequently converted to EQE (fig. 4.26).
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Figure 4.26. EQE spectrum of 
ITO/PEDOT:PSS/PTB7:PC70BM/BCP/A1.
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a device with an architecture:
4 .7  S um m ary
The experimental methods used for the work reported in this thesis are described in this 
chapter. The principles o f UV-Vis-NIR, Micro Raman, FTIR spectroscopy, XPS, AFM and 
TGA are explained followed by detailed discussions o f the operation o f instruments used for 
the above techniques. TLM method used for sheet resistance calculations is described and the 
relevant mathematical formula used for calculations are given. The substrate cleaning 
procedure used in this work, preparation o f the active layers for solar cell fabrication and the
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method o f fabrication o f devices are given followed by a discussion o f the solar cell 
characterisation techniques.
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Ch a p t e r  5  
Sy n t h e s is  a n d  Ch a r a c t e r is a t io n  o f  r r -  
P 3 H T  W r a p p e d  S e m ic o n d u c t in g  S ing le  
W a l l e d  Ca r b o n  N a n o t u b e  N a n o h y b r id s
5 . 1  In t r o d u c t io n
SWNTs with its unique electronic transport properties, continues to contribute to rapid 
advances in the fields o f flexible electronics, photovoltaics,^^^ thin film transistors (TFT)^^^ 
and biosensors. Traditionally, as produced carbon nanotubes are known to form bundles 
which prevents the unique properties o f  individual carbon nanotubes being realised. As a 
result, techniques such as covalent^^ and non-covalent flinctionalisation^^^ have been utilised 
for isolating individual nanotubes. Non-covalent functionalisation or wrapping o f  SWNTs 
with a conjugated polymer such as rr-P3HT assists the preparation o f a well dispersed 
nanotube solution which can easily be coated onto a suitable substrate through simple 
techniques such as spin coating. Furthermore, non-covalent functionalisation reduces the 
possibility o f damage to the graphene layers o f the SWNTs compared with other chemical 
functionalisation processes, which helps maintain the transport properties o f the nanotubes.^^’
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Recently, self-assembly o f polymers into a supramolecular shell wrapping s-SWNTs has been 
gaining popularity as a route towards incorporation o f nanotubes into organic optoelectronic 
devices*®^’ as well as for the fabrication o f wafer scale TFTs.^^^ Despite the widespread 
use o f polymer wrapped nanotubes, the nature o f  the charge transport within the nanotube, 
i.e. its electron or hole conduction has remained a matter o f debate. While spectroscopic 
evidence has indicated an electron transfer to s-SWNTs from rr-P3HT,^°^’ charge
transport analysis based on electrical and Kelvin probe force microscopy has hinted o f  a hole 
transfer process.
In this chapter, type separated 90% s-SWNTs are used to prepare nanohybrids o f  rr-P3HT 
wrapped s-SWNTs (rr-P3HT/s-SWNT). Wrapping o f s-SWNTs with the polymer is 
indirectly assessed through optical absorption spectroscopy and X-ray photoelectron 
spectroscopy (XPS) while the charge transfer between the nanotubes and the polymer shell 
are also examined using XPS. The optoelectronic properties obtained through the above
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techniques are further supported through Raman spectroscopic analysis and charge transport 
characterisation using field effect transistors (FETs).
5 .2  Sy n t h e sis  of N a n o h y b r id s
A mass o f 0.6 mg o f rr-P3HT (Regioregular P3HT) (Rieke Metals Inc, weight average 
molecular weight, Mw= 50000 g moF^ and regioregularity = 95% ) was added to 1.00 ml o f 
chlorobenzene such that the concentration o f  rr-P3HT was 0.6 mg ml"  ^ and sonicated for 60 
minutes. Chlorobenzene (density 1.1 g cm'^) was selected as the dispersion solvent due to the 
high solubility o f rr-P3HT and its ability to disperse individual S W N T s . D e s p i t e  the high 
solubility o f SWNTs, high density solvents such as chloroform (1.5 g cm'^) are not suitable at 
this stage as the high density o f the solvent readily disperses the SWNTs either bundled or 
debundled through buoyant f o r c e s . A  mass o f 0.5 mg o f s-SWNTs (Nanointegris 
IsoNanotubes-s (90% semiconducting)) was added to the solution (0.5 mg mT^) and was 
ultrasonically treated in an ultrasonic bath for further 60 min. An ultra-sonic probe with high 
power was not used to separate individual s-SWNTs to avoid / minimise tube damage by 
mechanical forces.
To study the optical and electrical properties o f the formed nanohybrids on their own, it is 
important to remove the excess polymer present in the medium and a solvent extraction 
process based on centrifugation was used for this purpose. Toluene was the solvent o f 
preference due to its high affinity to rr-P3HT and the low/negligible solubility o f SWNTs 
(less than 1 g cm' )^.^®  ^ A volume o f 1.00 ml o f toluene was added to the solution mixture, 
sonicated for 15 min and centrifuged for 8 min at 16000g. The supernatant contains the 
excess polymer while the nanohybrids are precipitated. Therefore, the precipitate was 
retained while the supernatant (orange) was discarded. The same sonication and 
centrifugation procedure was performed twice more to completely remove the remaining 
excess polymer. Finally, the precipitate was collected while the supernatant (colourless) was 
discarded. The obtained precipitate was dissolved in 1.0 ml o f  1,2-dichlorobenzene by ultra- 
sonication for 60 min (rr-P3HT/s-SWNT). After the sonication process a well dispersed and a 
stable solution o f nanohybrids was obtained. The concentration o f  s-SWNTs in nanohybrids 
is ~ 0.5 mg ml"  ^assuming that only negligible amounts o f s-SWNTs were removed during the 
process.
A crude estimation o f the mass ratio o f the contents was done using the initial and final 
masses o f the materials during nanohybrids synthesis. A s-SWNTs:rr-P3HT mass ratio o f 3:1 
was calculated assuming a negligible mass loss o f s-SWNTs during the synthesis process.
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5 . 3  N a t u r e  o f  n a n o h y b r i d  f i l m s
In order for the rr-P3HT/s-SWNTs to be useful in applications, it is important that they form 
percolating networks o f carbon nanotubes when deposited on a substrate. A nanohybrid 
solution with a 0.5 mg m f ’ concentration o f s-SWNTs was spin coated on ITO/Glass at a spin 
speed o f 500 rpm and the corresponding AFM image ( area = 5 pm x 5 pm ) is shown in fig.
5.1 (A). The image reveals a dense percolated network o f nanohybrids indicating that 
polymer wrapping assists the dispersion o f nanotubes in 1,2-dichlorobenezene, leading to a 
uniform network film upon spin coating. Fig. 5.1 (A) is an image o f the same solution spin 
coated at a higher spin speed (1500 rpm) which further shows the well separated nature o f the 
nanohybrids. Fig 5.1 (C) is an image o f a network spin coated at 1500 rpm using a diluted 
nanohybrid solution with a concentration o f 0.02 mg m f \  It is evident that even such low 
concentrated solutions form well connected nanohybrid networks which is promising towards 
the fabrication o f very thin to thick films depending on the application.
40.46 nm 34.18 nm 29.63 nm
-17.44 nm -17.45 nm -16.30 nm
Figure 5.1. The well dispersed nature of nanohybrids spin coated on ITO/GIass at 
different spin speeds and using different concentrations o f s-SWNTs. (a) AFM image of 
a solution of 0.5 mg ml^ spin coated at 500 rpm. (b) A solution with the same 
concentration as in (a) spin coated at 1500 rpm. (c) A 0.02 mg ml  ^ solution spin coated 
at 1500 rpm. The area scanned in 5 pm x 5 pm in all the images.
During the polymer wrapping process/ nanohybrid formation, a possibility exists that more 
than a single s-SWNT is coated with the polymer as a vigorous sonication process using an 
ultra-sonic probe was not employed in the synthetic route used here. An AFM thickness 
analysis based on four different nanohybrid sample films (fig. 5.2 (A), (B), (C), (D)) were 
carried out to estimate the number o f s-SWNTs present in a single nanohybrid. For ease o f 
calculation, a much diluted solution o f nanohybrids (0.01 mg m f ’) was used and was drop 
cast on Si. The histogram (fig. 5.2 (E)) for the number o f nanohybrids counted vs thickness o f 
a nanohybrid using the four sample films shown in fig. 5.2 (A), (B), (C), (D) (total number o f 
nanohybrids analysed ~ 100) displays a wide distribution o f nanohybrid thickness varying 
from 1 . 5 - 5  nm. The diameter o f the raw s-SWNTs used in sample preparation is in the
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range o f 1.2 - 1.7 nm. According to the literature, the separation between the polymer and 
SWNT wall is 0.36 nm (van der Waals d i s t a nc e ) . The r e f o r e ,  considering the thickness 
distribution o f the nanohybrids shown in the histogram, it is estimated that a fraction o f 44% 
o f the nanohybrids contains a single s-SWNT, 50% contains two s-SWNTs and 6% contains 
three s-SWNTs. The assumptions used for the calculations, where more than one s-SWNT is 
present in a single nanohybrid are; (i) the separation between the s-SWNTs is ~ 0.36 nm in a 
nanohybrid, (ii) two or more pristine s-SWNTs are wrapped with a monolayer sheath o f rr- 
P3HT and (iii) if two s-SWNTs are present in a nanohybrid, the s-SWNTs align in such a 
way that the nanotube axis is parallel to the substrate in both nanotubes and the line joining 
the centres o f s-SWNTs is perpendicular to the substrate (one on top o f each other).
C 10-
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Figure 5.2. The distribution of nanohybrid thickness in the sample solution used, (a), 
(b), (c), (d) are AFM images of nanohybrids drop cast on Si using a 0.01 mg ml^ 
solution, (e) A histogram representing the nanohybrid count vs. the respective 
thickness.
5 . 4  N ano scale  o r d er in g  of P 3 H T  t h r o u g h  n a n o t u b e  t e m p l a t in g  effect
To study the effect o f rr-P3HT wrapping o f s-SWNTs, UV-Vis-NlR absorbance spectra o f 
pristine rr-P3HT, s-SWNTs and rr-P3HT/s-SWNT nanohybrids in 1,2-dichlorobenzene 
(DCB) was obtained in solution phase and the results are shown in fig. 5.3. For comparison, 
the absorption spectrum o f a thin film o f rr-P3HT cast from a solution o f DCB is also 
presented in fig. 5.3. The peak at -460  nm in pristine rr-P3HT is attributed to tc-tt* transitions 
o f electrons from its ground singlet electronic energy state to the first singlet excited energy 
state.’^^ ’ The absence o f this peak in the spectrum corresponding to rr-P3HT/s-SW NTs 
indicates that there is no rr-P3HT in its free form after the solvent extraction process.
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Figure 5.3. Absorption spectra of rr-P3HT/s-SWNT (orange), pristine rr-P3HT 
(solution) (black) and s-SWNTs (green) dispersions in 1,2-dichlorobenzene. The 
absorption spectrum of a pristine thin film of rr-P3HT is also given (violet). The inset is 
a magnified spectrum of rr-P3HT/s-SWNTs in the 475-700 nm range showing the 0-0, 0- 
1, 0-2, 0-3 and 0-4 transitions indicating the well-ordered nature o f rr-P3HT due to n-7t 
stacking with s-SWNTs.
The analysis o f the nanohybrids in comparison to free rr-P3HT (solution) indicates a large red 
shift o f the absorption edge o f rr-P3HT from -460  nm to -590  nm, upon the formation o f the 
nanohybrids. The molecular weight o f the polymer, solvent, regioregularity, chain 
confirmation o f the polymer are some known factors that affect the absorption o f P3HT.^^^ 
Since, both samples were prepared using the same rr-P3HT stock (similar molecular weight 
and regioregularity) and the same solvent the reason for the drastic change o f absorption is 
due to the different confirmations o f the polymer chains in the two states.
Upon the formation o f a rr-P3HT thin film a red shift in the peak absorption from 460 nm to 
515 nm is observed in comparison to rr-P3HT in solution. The wavelength red-shift is 
attributed to the strong inter-chain interactions between the polymer strands due to the more 
ordered nature in the film form.’ ’^ ®^^ This is indicative o f an increased effective conjugation 
length o f the chain segments in the film form, increasing the délocalisation o f the 
wavefunction o f the exeiton and thus reducing the energy.^® Also, the absorption peak o f the 
rr-P3HT thin film is well structured with resolved features at 600 nm, 550 nm, 515 nm, 480 
nm and 435 nm. Hence, it is elear that the appearance o f a fine structure is due to an ordering 
effect / stacking o f the polymer in the solid phase.
Using the above argument, it is proposed that the strong red shift o f rr-P3HT and the 
appearance o f a fine structure (460-640 nm) in the absorption spectrum o f nanohybrids (even 
in solution phase) is an indication o f the formation o f a more ordered state o f the polymer as a
80
result o f  71-71 stacking with the s-SWNTs. Bemardi et a l  have shown that the inherent 1- 
dimensional cylindrical shape o f  the SWNTs acts as a template to limit the torsional disorder 
o f the polymer which subsequently increases the conjugation length o f the polymer.
The origin o f fine structures (in rr-P3HT spectra) whether they are due to intra-molecular 
excitonic transitions or due to inter-chain transitions is still in debate. Brown et a l  proposed 
two emissive states (intra and inter chain states) close in energy, both contributing to the 
absorption spectra. According to their work, the transition attributed as 0-0 arises due to 
inter-chain interactions whereas the rest o f  the transitions are due to intra-chain excitonic 7c-7t* 
transitions.
The intra-molecular transitions are explained using the vibronic progressions described by the 
Franek-Condon principle.^®^ In summary, the relative intensities o f the vibronic replica are
given by,
/o ^ n
(5.1)
h
where Iq is the total intensity o f the individual transitions and fo-n is a transition from the 0^  ^
vibronic level in the So ground electronic level to the vibronic level in the 1®^ excited state 
Si.
lo — Tin=O^O^n (5.2)
S is the Huang Rhys parameter and is defined by,
^  = 1^7 (5 .3)
where k  is the spring constant (assuming a two masses on a spring model for phonons), àQ  is
the change o f the configuration coordinate from So to S\ and œp is the angular frequency o f
the phonon mode o f energy Ep (Ep is the phonon energy o f the main oscillator coupled to the 
electronic transition).
Furthermore, the origin o f the 0-0 peak due to an inter-ehain absorption is proven by the low 
intensity o f the 0-0 peak in regio random P3HT samples (decreased regio regularity) and with 
increasing temperatures (more disorder in the sy s te m ).H e n c e , the 0-0:0-1 intensity ratio o f 
more ordered regio regular P3HT is higher than that o f a regio random sample.
Clark et a l  proposed that the origin o f the vibronic structure is dependent on the formation o f  
weakly coupled H-aggregate states.^ ®"^  H-aggregates are one-dimensional arrays o f molecules 
in whieh the individual monomer transitions are aligned parallel to each other but normal to 
the line joining their centres (co-faeial).^^ Another feature observed with H aggregates is the 
blue shift o f  the absorption spectrum with H aggregation. In the case o f  P3HT, although the
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molecules stack co-facially (analogous to H-aggregates), the inter-chain absorption feature 
(0-0) is at a lower energy than the intra-chain absorption (0-1). Therefore, the explanation by 
Brown et al}'' is more reasonable where the lowest energy 0-0 peak assigned to a stacking 
related inter-chain absorption while the other features (0-1), (0-2) and (0-3) are denoted to 
vibronic progressions.
Therefore, the presence o f the 0-0 peak which can be seen only in the ordering o f a 
disordered system^°^' and the high intensity ratio o f the 0-0:0-l peaks in fig. 5.3 (inset) is 
an indication o f an ordered structure o f rr-P3HT in nanohybrids.
Figure. 5.4. Jablonski diagram of molecules with H-aggregate states where both 0-0 
absorption and emission are forbidden in the absence o f disorder.
The origin o f the observed background in both s-SWNT and nanohybrid spectra are still 
unclear, though two common suggestions are the presence o f metallic SWNTs and impurities 
introduced during SWNT synthesis.
In addition to the above set o f peaks a second broader feature is observed in the absorption 
spectrum o f the nanohybrids in the region o f -900-1300 nm. This feature is considered to be 
due to overlapping o f distinct absorption peaks arising from S22 transitions between the Van 
Hove Singularities (VHS) o f s-SWNTs. It is not possible to distinguish between each 
transition as the s-SWNT sample used here is a mixture o f different chiralities.^'^’
5 .5  E n h a n c e d  elec tr o n  d e l o c a l isa t io n  t h r o u g h  p o l y m e r  w r a p p in g
The nature o f rr-P3HT surrounding the s-SWNTs was further examined using valence level 
X-Ray Photoelectron Spectroscopy (XPS) presented in fig. 5.5. The band initially located at 
3.4 eV in rr-P3HT/s-SWNT spectrum represents the localized tt band o f the polymer. The 
localized n state constitutes both S 3p and C 2p atomic orbitals (AO) with a major 
contribution from S 3p AOs.^^^ The spectra o f s-SWNT and rr-P3HT/s-SWNTs display an
8 2
increase in the delocalized C 2pn signal (6.3 eV)^°^ in rr-P3HT/s-SWNTs than in the pristine 
s-SWNTs. This indicates that the delocalization o f n electrons in the nanohybrids is enhanced 
in the presenee o f the wrapped polymer, imparting a longer conjugation length to the 
nanohybrid s y s t e m . T h e  result should be an enhanced charge transport in the 
nanohybrids compared to pristine s-SWNTs.
— — rr-P3HT/s-SWNTs 
 s-SWNTs
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Figure 5.5. Low energy XPS valence band spectra of rr-P3HT/s-SWNTs (orange) and s- 
SWNTs (blue) obtained at a photon energy of 125 eV.
The inereased eonjugation length o f the nanohybrids is further evident from the core level C 
Is spectrum (fig.5.6 (A))). In the spectrum o f rr-P3HT/s-SWNTs, the absence o f satellite 
peaks on the high binding energy side at 290 eV in the C Is spectrum indicates that the 
conjugated n system is not broken into smaller conjugation lengths signaling the existence o f
a long range ordered, erystalline strueture 210,211
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Figure 5.6. (A) Core level XPS C Is spectra o f rr-P3HT/s-SWNTs (orange) and s- 
SWNTs (green) obtained at a photon energy of 400 eV. (B) Core level XPS S 2p 
spectrum of rr-P3HT/s-SWNTs (orange) obtained at a photon energy of 1250 eV.
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Generally, in the core level XPS spectrum o f free rr-P3HT a peak split into two with an 
intensity ratio o f  2:1 is observed where the splitting corresponds to S 2p^^ and S 2p^^  ^states 
arising from spin-orbit splitting?^ ^  However, an un-split S 2p peak is observed in the 
spectrum o f rr-P3HT/s-SWNTs (fig.5.6 (B)). The un-split nature o f this peak arises due to 
two reasons; (i) the highly ordered nature/ high crystallinity o f rr-P3HT present in the 
nanohybrids^^^ and (ii) the presence o f  interactions between S atoms in rr-P3HT with the s- 
SWNTs (absence o f free rr-P3HT).^^^ Kanai et. have shown the appearance o f  a broad S 
2p peak (un-split) for rr-P3HT on ITO with increasing crystallinity. Increased crystallinity o f 
the polymer induces changes to the surface potential at the rr-P3HT film which in turn alters 
the ionisation energy o f the system. Therefore, higher crystalline films are expected to shift 
the S 2p doublet toward lower binding energies.^^^ Therefore, it is also evident from the XPS 
core level speetra that the rr-P3HT in the nanohybrids are bound to s-SWNTs and that rr- 
P3HT is in a more ordered state eompared to free rr-P3HT due to the interactions with 
nanotubes.
5 . 6  T herm al  A nalysis of T he N a n o h y br id s
Thermal analysis based on TGA was carried out in order to examine the thermal behaviour o f 
the nanohybrids. Solid samples o f pristine rr-P3HT, s-SWNTs and rr-P3HT/s-SW NT 
nanohybrids were subjected to TGA analysis ramped from room temperature to 800° C at 10° 
C min"^ in air and the corresponding TGA and derivative plots are given in fig. 5.7 (A), (B) 
and (C) respectively.
Three stages o f decomposition for the pristine rr-P3HT (fig. 5.7 (A)) are observed where the 
initial deeomposition stage is mild and starts at 220°C. The seeond stage with a significant 
mass loss initiates at 400°C and ends at 483°C and the final stage starts at the same 
temperature and ends at 625°C leading to a negligible residual weight (%) o f  3%. According 
to Motaung et P3HT thermal degradation starts with the detachment o f  lighter
fragments like C-S bonds leading to polymer backbone disintegration. Thermal oxidation at 
higher temperatures detaches the hexyl (CéHis) side groups followed by the decomposition o f 
the polymer backbone. Another, suggested scheme o f P3HT degradation is the initial 
oxidation o f the sulphur atom o f the thiophene ring into sulphoxides, followed by the 
conversion o f sulphoxides to sulphones that are later decomposed into sulphinate esters.^^" '^^^^
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Figure 5.7. TGA and derivative curves of pristine rr-P3HT (A), s-SWNTs (B) and rr- 
P3HT/s-SWNTs (C) ramped from room temperature to 800° C at 10° C min ’ in air. The 
residual weight (%) of the rr-P3HT sample is 3%, s-SWNTs is 29% and rr-P3HT/s- 
SWNT sample is 1%. (D) is an overlay of the derivative thermograms of the three 
samples for comparison.
The derivative curve o f pristine s-SWNTs (fig. 5.7 (B)) shows a broad decomposition peak 
ranging from 244°C to 386°C. This corresponds to a weight loss (%) o f 20% which is 
attributed to the burn off o f residual iodixanol and surfactants adsorbed on the s-SWNT 
surface introduced in the manufacturing process o f carbon nanotubes (According to 
manufacturer specifications). A mild degradation step is observed in the temperature range o f 
393°C to 520°C which could be due to the amorphous carbon and other carbonaceous 
impurities present in the sample. The significant weight loss (in the temperature range o f 
520”C to 617°C) with a peak oxidation temperature at 577°C observed in the derivative curve 
corresponds to the decomposition o f s-SWNTs. However, the broadening o f the s-SWNT 
degradation peak is due to the presence o f a mixture o f s-SWNTs with different diameters 
and chiralities. The residual weight (%) o f 29% is an indication o f the quantity o f  metal 
catalysts used in the manufacturing o f s-SWNTs, where the catalysts are converted into metal 
oxides during TGA analysis. According to the manufacturer, the metal catalysts present in the 
sample o f s-SWNTs are Nickel, Yttrium and Iron. Therefore, the observed residual weight
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should correspond to Nickel and the oxides o f Yttrium and Iron, possibly in the form o f Y2O3 
and Fe2 0 s which are readily formed in oxidising environments.
The TGA and the corresponding derivative curve o f rr-P3HT/s-SWNT nanohybrids show two 
degradation peaks; a first peak in the temperature range o f 210°C to 380°C and a second peak 
ranging from 443°C to 663°C with a peak oxidation temperature at 597°C. However, as the 
burnout o f  both the polymer and s-SWNTs fall in the same temperature range, distinct peaks 
corresponding to rr-P3HT and s-SWNTs cannot be seen in the thermograms. This limits the 
possibility o f the determination o f weight percentages o f rr-P3HT and s-SWNTs in the 
nanohybrids.
An interesting feature o f the TGA curve o f nanohybrids is the observation o f  a negligible 
residual weight (<1%) in comparison to 29% in s-SWNTs. This indicates that the solvent 
extraction procedure used during the polymer wrapping process completely removes the 
metal impurities o f the s-SWNT sample enabling the synthesis o f high purity nanohybrids. 
For comparison and to observe the overlapping o f the peaks o f the samples, the three 
derivative thermograms o f rr-P3HT, s-SWNTs and rr-P3HT/s-SWNTs are plotted on the 
same graph and is shown in fig. 5.7 (D).
5 .7  Charge T r an sfer  P rocess B etw een  r r -F 3 H T  a n d  s -S W N T s
5 .7.1 XPS A n a ly s i s
There still appears to be no clear consensus as to the nature o f  the charge transfer interaction 
between rr-P3HT and SWNTs. While the commonly held view has been an electron transfer 
from rr-P3HT, '^^®’ a few groups have reported a hole transfer to nanotubes in the presence 
o f rr-P3HT.^^^’ Therefore, the charge transfer process between wrapped rr-P3HT and s- 
SWNTs were examined using core level XPS Spectroscopy.
XPS core level spectroscopy is used to probe the BE o f  the core levels to determine the 
nature o f the surface chemical species. In this work, analysis o f  the XPS core level spectra 
(fig. 5.6) was carried out to investigate the possible charge transfer process between the s- 
SWNTs and rr-P3HT in nanohybrids. According to the literature the BE o f S 2p peak in 
pristine rr-P3HT is 164.75 eV.^^^ Analysis o f the S 2p peak o f the nanohybrids indicates a 
downshift o f  the BE to 164.5 eV in rr-P3HT in nanohybrids. C Is spectra o f  pristine s- 
SWNTs indicates a BE o f  284.3 eV and an upshift to 284.5 eV is observed for nanohybrids. 
BE shifts have been observed for polymer/metal interfaces where the change is attributed to a 
band bending mechanism at the polymer/metal i n t e r f a c e . ^ As  a result o f  band bending the 
Fermi level o f the system is altered compared to the pristine system. Since the core level BE
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in solid state XPS is calculated relative to the Fermi level, an alteration to the Fermi level 
energy causes a shift in Therefore, a similar band bending mechanism is proposed for
the polymer/s-SWNT interface causing a shift in BE with the formation o f nanohybrids. 
Though determination o f the absolute atomic charges using XPS chemical shifts is difficult, it 
is possible to use these data to extract useful information on the chemical situation o f the 
species. An upshift in C Is BE has been observed with the formation o f  a carbonyl group 
(C=0) relative to a neutral carbon atom; in alkenes or b e n z e n e . H e n c e ,  an upshift in BE is 
observed when a slight positive charge (low electron density) is generated on an atom (in a 
carbonyl group the charge on the C atom is slightly positive and the O atom is slightly 
negative). Therefore, the downshift o f  the S 2p peak (0.25 eV) indicates a slightly larger 
electron density on the S atoms o f rr-P3HT in nanohybrids compared to the pristine polymer.
Using the same argument, it is possible to attribute the up shift o f  the C Is peak (0.2 eV) 
in nanohybrids relative to pristine s-SWNTs to the presence o f a slightly positive charge on s- 
SWNT carbon atoms. Therefore, the observed BE shifts indicates an electron transfer from s- 
SWNTs to rr-P3HT in nanohybrids.
5 .7 .1 .1  Charge T ransfer  M echanism
Due to the high electron density on S atoms it is less likely that an electron transfer occurs 
from C atoms o f the s-SWNTs to the S atom o f the polythiophene ring. Therefore, the 
possible mechanism o f charge transfer would be to the carbon atoms in the aromatic ring that 
would delocalize the additional negative charges throughout the thiophene ring. Similar 
studies based on interactions o f A1 atoms with a-terthiophene and a-sexithiophene have been 
performed by several groups concluding that the charge transfer occurs from A1 atoms to a 
carbons followed by a distribution o f charge to S atoms leaving the p carbons intact.^^^’ 
However, in their work an additional bond between A1 and C a o f covalent nature (evident 
from the appearance o f a shoulder peak with the interaction) is formed reducing the n 
electron conjugation along the polythiophene chain drastically. In our case, it is evident from 
the absorption and XPS valence level spectral analysis that the n conjugation increases with 
the formation o f nanohybrids without any novel bond formation between the polymer and the 
s-SWNTs. Therefore, the charge transfer process should not negatively affect the n 
conjugation length such as the charge transport properties o f  the polymer in nanohybrids are 
degraded.
87
Figure 5.8. Resonance stabilization of negative charges at C« and Cp positions in a 
thiophene ring.
Considering the increased n delocalization in the nanohybrids system, it is reasonable to 
assume that the introduced negative charges are delocalized throughout the aromatic ring. 
The resonance stabilisation o f a negative charge on a thiophene ring in rr-P3HT is shown in 
fig. 5.8, where the intermediate charged species are marked as II to V. According to the 
resonance structures, it is possible for both €« and C p  to stabilise an additional negative 
charge. Therefore, there is a possibility for the negative charges to transfer from s-SWNTs to 
thiophenes initiated at both these positions. However, it is worthy to note that the negative 
charge on the C p  in structure (II) is slightly destabilized due to the presence o f the hexyl chain 
as alkyl chains are electron donating groups.
Therefore, theoretical studies are needed for exact determination o f the positions o f 
interactions in the polymer and s-SWNTs. Individual contributions from the C «  and C p  in the 
LUMO molecular orbitals (MOs) o f thiophene rings that hybridise with s-SWNT MOs when 
forming the nanohybrid complex should give clear evidence o f  exact interactive positions 
during charge transfer. Also, the length o f charge delocalization; whether it is localized to one 
thiphene ring or extended to several rings could also be determined using computational 
analysis.^^’
The electron transfer process from s-SWNTs to the polymer is considered as hole-doping o f  
the s-SWNTs due to the following reasons:
(i) A dopant does not covalently bind to the chain while maintaining overall charge 
neutrality o f the system (in this case the dopant is rr-P3HT).
(ii) A conventional dopant does not disrupt the conjugation length o f the system by 
the formation o f covalent bonds.
(iii) The shift in BE in C Is and S 2p spectra are small (0.2 eV to 0.8 eV depending on 
the doping concentration), indicating that the charge is delocalized / shared among 
all sites where the charge on any given centre is small.^^® This is the opposite in 
Al/polythiophene systems where the BE shift is ~ 2.5 eV indicating charge 
localization at the centre o f interaction.^^^
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Figure 5.9. A schematic representation of the charge transfer process in nanohybrids 
where negative charges are transferred from s-SWNTs to rr-P3HT leaving the s- 
SWNTs hole doped.
5 .7 .2  Ram an A nalysis
The charge transfer process between the s-SWNTs and the surrounding rr-P3HT was further 
analysed by Raman spectroscopy. A small red shift (by 3 cm '') o f the Raman G-band in 
nanohybrids compared to pure s-SWNTs (fig. 5.10) is observed. According to the studies 
performed by Rao et. the charge transfer interactions between electron accepting
halogen dopants (I2, Br]) and SWNTs red shifts the Raman G-band while electron donors (K, 
Rb) blue shifts the G-band o f SWNTs. Hence, the red shift o f s-SWNTs in nanohybrids 
indicates a possible electron transfer from the s-SWNTs to the surrounding polymer leaving 
the s-SWNTs hole-doped.
The observation o f small shifts in wavenumbers are attributed to two factors; (i) lower 
doping concentrations o f the polymer (as only a thin sheath o f polymer is expected to wrap 
the s-SWNTs) and (ii) Non-covalent bonding interactions (supramolecular interactions) 
between the polymer and the s-SWNTs.^^''
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It is important to note that the hole doping effect due to exposure to oxygen in the 
atmosphere can be ruled out as both s-SWNTs and nanohybrid films were prepared and 
stored under identical ambient conditions.
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Figure 5.10. Raman G-band spectra of rr-P3HT/s-SWNT nanohybrids (orange) and s- 
SWNTs (green) indicating an up shift of 3 cm^ in nanohybrids compared to pristine s- 
SWNTs.
5 .8  Ex t e n t  of charge d el o c a lisa t io n  th r o u g h  n a n o t u b e s
In carbon nanotube based electronic devices; an essential feature for charge transport along 
the nanotube axis with a high mobility is the presenee o f a long range deloealized n electron 
system. Therefore, it is important that the s-SWNTs are not physically damaged during the 
polymer wrapping process which could result in charge scattering sites on the nanotube 
resulting in poor charge eonduetion.^^^ Previous reports on electrical measurements have 
shown that defective carbon nanotubes possess higher resistivities^^"^ due to increased 
electron scattering by defects when compared to pristine carbon nanotubes. The defects act as 
low-potential sites for electron transport processes that reduce mean free paths and phase 
coherence distance that adversely affect its charge transport properties.
In order to examine the effect o f the wrapping process which could introduce damages to the 
s-SWNT surface due to ultrasonication, micro-Raman speetra o f rr-P3HT/s-SW NT films on 
ITO/Glass were obtained (fig. 5.11). The micro-Raman spectrum o f rr-P3HT/s-SW NT 
displays peaks at -1370 cm"% 1445 cm’’ as well as a peak at 1590 em'^ and a shoulder to this 
peak at 1565 em'V The peaks at 1370 em'^ and 1445 cm '' correspond to stretching vibrational 
modes o f P3HT, where the peak at 1370 cm"' is due to C-C skeletal bonds o f P3HT side 
chains and the peak at 1445 cm"’ arises from C=C bonds o f the thiophene rings.^^^ The peak
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at 1590 cm'^ (denoted as G^) and its shoulder at 1565 cm"' (denoted as G") is an indication o f 
the presence o f SWNTs. The lower intensity o f G peak compared to the G^ peak is an 
indication o f the semiconducting nature o f the nanotubes employed in the process.
An important feature that is not observed in the Raman spectrum is the normally present wide 
D-band feature (-1350 cm"') which represents defective sp^ hexagonal ring structures 
indicating that the polymer wrapping process does not physically damage the carbon 
nanotubes significantly.^^^
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Figure 5.11. Resonance Raman spectra of rr-P3HT/s-SWNT nanohybrids (orange) and 
rr-P3HT (black) on ITO/Glass. The defect free nature of the nanohybrids is evident 
from the absence o f a D-band peak around 1350 cm"'.
5 . 9  E v id e n c e  f o r  H o le  D o p in g  B a s e d  o n  F ie ld  E f f e c t  T r a n s i s t o r  
M e a s u r e m e n ts
In order to clarify the majority carrier transported through the nanohybrids, field effect 
transistor (FET) measurements were carried out for the thin films o f nanohybrids in a N] 
glove box. The use o f a N] atmosphere mitigates any unintended hole doping o f the 
nanotubes due to O2 exposure. Therefore, the observed characteristics are considered to be 
due to charge transfer processes occurring as a result o f the polymer wrapping o f the 
nanotubes. FET devices with interdigitated electrode architectures (Channel width (W) o f 
2000 pm and channel length (E) o f 10 pm) were fabricated on 230 nm SiO] on n-type Si 
using standard photolithographic techniques. Upon spin coating the nanohybrids (0.02 mg ml" 
', thickness -  1-5 nm), all devices were annealed at 120 °C for 10 min. Electrical 
characterisation was carried out inside the glove box using a Keithley 4200 SCS system using 
the Si substrate as a global back gate.
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The transfer charaeteristics o f the nanotubes at a channel length o f 10 gm is shown in fig. 
5.12 (A) and (B). Non-linear I-V characteristics (fig. 5.12 (D)) have been observed under Vg 
= 0 V indicating the formation o f a Sehottky contact to the nanohybrids. Traditionally, due to 
its high HOMO level o f 5.2 eV, rr-P3HT has been reported to form an Ohmic contact when 
spin coated onto Au (work function = 5.1 eV) e le c tro d e s ,w h i le  Au is known to form a 
Sehottky contact to carbon nanotubes.^^^
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Figure 5.12. Transfer characteristics of the nanohybrids for channel lengths o f 10 pm 
under a Yds range of 0.5 V to 2.5 V in a log-linear scale (A) and linear-linear scale (B) 
illustrating the linear regime. A prominent hole transportation is observed under 
negative gate biasing with a significantly weaker electron transportation under positive 
biasing indicating the preferential hole transport behaviour of the nanohybrids. 
Measurements were carried out under a N 2 atmosphere using a 230 nm SiOi gate 
dielectric with a global bottom gate and An bottom contacts (C). (D) Output 
characteristics o f the devices under a Vg range of 0 V to -20 V displaying the non-linear 
behaviour.
The observation o f non-linear characteristics therefore indicates that the polymer sheath 
wrapping the s-SWNT is sufficiently thin to act as a tunnel barrier allowing for charge 
transport through the nanotubes. However, the formation o f a Sehottky contact to nanotubes 
is considered to be detrimental to device performance by affecting the charge injection and 
hence the ballistic transport p r o p e r t i e s , a s  well as leading to ambipolar transport
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characteristics. This is due to the tunneling o f electrons from the contacts to the nanotubes 
under positive gate v o lta g e s ,e s p e c ia lly  when measured in vacuum
As expected for Sehottky barrier s-SWNT transistors, the transfer characteristics indicates a 
suppressed ambipolar charge transport with an electron transport that is 2-3 orders o f 
magnitude lower in comparison to that o f hole transport in the device. Despite this, the weak 
ambipolar nature leads to relatively low lon/Iofr ratios o f ~10^ for negative gate voltages. It is 
noted that similar observations for preferential hole transport has been made for carbon 
nanotube FETs measured in air, where hole doping due to exposure to O2 suppresses the n- 
type behaviour (and hence the ambipolar nature) o f the deviee.^^® As the transport 
measurements have been carried out in N 2 environment, the observed preferential hole 
transport in the nanohybrids is attributed to the hole doping o f the s-SWNTs due to charge 
transfer interactions between rr-P3HT and the nanotubes.
The hole mobility (ju) o f  the spin coated nanohybrids under an applied Vds was calculated 
using the relationship;
which is based on the transconductance in the linear regime.^^^ Here L and W  are channel 
length and width respectively, Cox is the gate capacitance per unit area (~ 17 nP cm'^) P^^is
the souree-drain voltage, and is the transconductance. The calculated hole mobilities are
OVg
observed to be in the range o f 0.01 to 0.06 cm^ s"\ This result is comparable to other hole 
mobilities reported for self-organized nanotubes networks formed with the assistance o f 
surface modified Si02 by Bao et The low mobility characteristics observed here are 
considered primarily due to the high contact resistances present for bottom contact device 
topology. Furthermore, the use o f the parallel plate capacitance model for calculation o f the 
capacitance o f  the oxide is noted to lead to errors in estimating mobility o f nanotube devices, 
but is a standard process used in its analysis.
Not taking into consideration any corrections required for the contact resistance at the source 
and drain, a simple estimation o f the mobilities based on a capacitance coupling to individual 
tubes^^^ (reduced area resulting in a lower capacitance) reveals mobilities that are an order o f 
magnitude higher than those calculated above. The observation o f hole mobilities for the 
nanohybrids that are at least 2-3 orders o f  magnitude higher than rr-P3HT in BHJ thin 
films^^"  ^which incorporated fullerene derivatives, indicates that nanotubes can be used in BHJ
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solar cells to transport the generated free charges, minimizing any recombination processes in 
the device leading to enhanced photovoltaic parameters and device efficiency.
5 . 1 0  E f f e c t  o f  N a n o h y b r id s  o n  t h e  D is s o c ia t io n  o f  P h o t o g e n e r a t e d  
E x c ito n s
The potential o f these hole doped s-SWNTs as hole extraction centres as well as its effect on 
the dissociation o f excitons photogenerated in rr-P3HT was studied using the device 
architecture depicted in fig. 5.13. “Bilayer” heterojunction photovoltaic cells were fabricated 
by spin coating the nanohybrids (~ 0.01 mg ml"' o f  nanohybrids spin coated at 1500 rpm for 1 
min followed by annealing at 120°C for 10 min) onto an ITO coated glass followed by spin 
coating a layer o f rr-P3HT (-50 nm). Subsequently, 2 nm bathoeuproine (electron blocking 
layer) and 70 nm A1 were thermally evaporated with the photo characteristics being 
investigated under exposure to 1000 W m"  ^AM 1.5G stimulated light.
Under dark conditions, a forward rectifying behaviour is observed while a 4^  ^ quadrant 
operation is noted upon exposure to light o f 1000 W m'^ (Fig. 5.14 (A)) with an open circuit 
voltage o f -0 .2  V. Furthermore, the observed merging o f light and dark characteristics at -  
0.5 V (fig. 5.14 (B) ) (which indicates the lack o f photocurrent generation) indicates the built 
in potential o f the system to be at this value.^^*  ^ On the otherhand, rr-P3HT based devices 
prepared without the nanohybrid hole transport layer indicates only a weak 4'*^  quadrant 
behaviour and a higher open circuit voltage o f -0 .4  V under photo illumination.
IT O /G la ss
nanohvbrids
Figure 5.13. A schematic of the device architecture used for the nanohybrids 
incorporated “bilayer” devices.
According to the metal-insulator-metal model which is traditionally used for describing the 
behaviour o f organic semiconductors sandwiched between two metal contacts, the open 
circuit voltage is governed by the difference in the work function o f the contacts used."'° 
However, in the ease o f organic heterojunctions formed between two Ohmic contacts, the
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open circuit voltage is known to be better described by the alignment o f the quasi Fermi level 
o f the com ponents/' Therefore, the observation o f a lower open circuit voltage for the 
nanotube (whose quasi Fermi level is closer to that o f rr-P3HT) incorporated devices, in 
comparison to the P3HT only devices (open circuit voltage o f -0 .4  eV due to work functions 
o f ITO and A1 which are 4.7 eV and 4.3 eV respectively) indicates a heteroj unction is formed 
between the nanotubes and the rr-P3HT. Furthermore, this is confirmed by the enhancement 
in the short circuit current density for the nanotube incorporated devices when eompared to 
the P3HT only devices. This illustrates that the inclusion o f the nanotubes lead to an 
enhancement in the exeiton dissociation and photoeurrent generation.'"'
It is important to understand the observed photovoltaic device performance in fig. 5.14 
through energy level alignments in the device architecture employed. As previously 
mentioned, the built-in potential due to the work function difference o f rr-P3HT and rr- 
P3HT/S-SWNT is -0 .5  V. Taking the work function o f rr-P3HT to be 4.4 eV, the hole 
transporting nature o f the nanohybrids (as discussed in sections 5.7 and 5.9) requires a lower 
ionisation potential at 4.9eV.^°°' The inferred value o f the ionisation potential is lower than 
the ionisation potential o f SWNTs (4.7 eV)^"" and supports the argument on the hole doping 
o f carbon nanotubes by rr-P3HT (fig. 5.15 ).
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Figure 5.14. (A) The response of the reference rr-P3HT only and nanohybrid 
incorporated rr-P3HT “bilayer” devices under illumination with AM I.5G simulated 
light. (B) The response of the “bilayer” nanohybrid incorporated device under dark  
conditions and upon illumination with AM 1.5G simulated light. The observed merging 
of light and dark characteristics at -  0.5 V indicates the built in potential of the system  
to be at this value.
Although the hole transporting and exeiton dissociation capability o f these nanohybrids is in 
contradiction to the conclusions in the literature,'"'^ it is noted that these results are in 
agreement with those reported by Dissanayake and Zhong for few nanotubes (1-6 tubes)^°° 
coated with rr-P3HT. This is the first report on the hole doping effect by rr-P3HT for large
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area earbon nanotube networks and confirms the use o f these nanohybrid networks as hole 
transport layers for organic optoelectronic devices.
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Figure 5.15. The flat band diagram for the nanohybrid incorporated device used and 
the down shift o f the ionisation potential o f s-SWNT due to hole doping by rr-P3HT is 
indicated by the arrows. The band alignment favours the transportation of holes to ITO  
leading to the observation of 4th quadrant characteristics for the nanohybrid 
incorporated devices in fig. 5.14.
5.11 S um m ary
rr-P3HT wrapped s-SWNT nanohybrids has been synthesised based on supramolecular 
intereations between the polymer and the s-SWNTs. The nanohybrids display superior 
dispersion properties that allow the fabrication o f highly dense thick films to extremely thin 
networks o f nanohybrids. AFM height profiles were used to estimate the number o f s-SWNTs 
in a nanohybrid and the results indicate that 44% o f the nanohybrids contain a single s- 
SWNT, 50% contains two s-SWNTs and 6% contains three s-SWNTs.
UV/Vis absorption spectra o f the nanohybrids signify an inereased crystallinity o f rr-P3HT in 
the presenee o f  s-SWNTs resulting in higher tt electron delocalization in nanohybrids. The 
origin o f the appearance o f vibronie progressions in the absorption spectrum o f nanohybrids 
(0-0, 0-1, 0-2, 0-3 and 0-4) is attributed to a stacking driven mechanism o f the polymer in the 
presenee o f s-SWNTs. The high 0-0:0-l intensity ratio is attributed to the ordering o f rr- 
P3HT with s-SWNTs due to helical wrapping. XPS valence band and core level speetra 
further confirms the increased crystallinity o f rr-P3HT in nanohybrids that generates higher n 
electron delocalization in the system. Thermal analysis based on TGA reveals that the 
polymer wrapping process increase the purity o f  the sample through the removal o f  metal 
catalysts present in the initial s-SWNT sample as impurities. However, the overlapping o f  the
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decomposition peaks o f the polymer and s-SWNTs limits the possibility o f the determination 
o f the composition o f each material in the nanohybrids.
XPS core level spectra are further used to determine the charge transfer process between the 
polymer and the s-SWNTs. Based on the analysis a negative charge transfer from the s- 
SWNTs to the polymer strands occur resulting in hole doped s-SWNTs. It is proposed that 
the charge interactions initiates preferentially at Ca and Cp positions in the thiophene ring 
considering the resonance stabilisation o f  negative charges at these positions. Consequently 
the extracted negative charges are thought to be deloealized over the thiophene ring. Charge 
transfer analysis based on Raman G-band spectra further ensures the hole doping mechanism 
in the nanohybrids.
Following the spectroscopic evidence o f a hole doping mechanism o f  the s-SWNTs, electrical 
characterisation based on FET measurements and photoresponse o f a “hole only” device was 
carried out to determine the majority carrier in the nanohybrids. FET measurements shows 
prominent hole doping with W loff ratios o f -10^ for negative gate voltages. The relatively 
high hole mobilities ranged 0.01-0.06 em^ V 's" ' compared to rr-P3HT thin films are 
considered to be especially fortuitous for employing these nanohybrids for large area 
electronic applications such as organic photovoltaics and organic light emitting diodes. The 
fabricated “bilayer” devices indicates the exeiton dissociating nature o f  the nanohybrids 
revealing the potential use o f these nanohybrids to increase the PCE o f  traditional polymeric 
donor and fullerene acceptor based photovoltaics through the formation o f additional nano­
heterojunctions in the presence o f a suitable electron acceptors. Based on the “bilayer” 
devices the ionisation potential o f  s-SWNTs is estimated to be -  4.9 eV, where the hole 
transportation has been attributed to the upshifting o f the ionisation potential o f the s-SWNTs 
due to its hole doping by the surrounding polymer sheath.
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Ch a p t e r  6  
r r - P 3 H T /s - S W N T  Na n o h y b r id s  as 
H ig h ly  E f f ic ie n t  H ole  Ex t r a c t o r s  in  
O P V s
6 .1  In t r o d u c t io n
In the field o f  organic photovoltaics, carbon nanotubes have been identified as promising 
candidates for exeitonie antennas and coneentrators,^^^ broadband energy harvesters,^^^ 
additional exeiton dissociation sites in triple heterojunetions^^^ and as high mobility charge 
extraction paths.'®'' Over the past few years, much effort has been expanded on producing a 
material system that can act as an efficient hole extraction layer for OPVs as a substitute for 
Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), the most common 
hole extraction material used.^’ '®®'
PEDOTiPSS, despite its solution proeessibility, high transparency in the visible region o f the 
solar spectrum and high hole conductivity is known to be non-optimum and somewhat 
detrimental to the device performance due to its hygroscopieity and acidity.^"'® 
Hygroseopicity increases the resistivity o f the PEDOT:PSS / active layer interface by 
absorbing moisture from the surrounding resulting in a lower device efficiency while 
simultaneously increasing the acidic nature o f PEDOT:PSS.^"'® The increased acidity 
generated by moisture absorption, along with its intrinsic acidity, also etches the ITO 
electrode resulting in a decreased life time o f the solar cell.^""’^  ^ Therefore, during the past 
few years effort to find a substitute for PEDOT:PSS hole transport layers with different 
organic polymers, metal oxides,^"'® pristine and funetionalised surface oxidised multi walled 
earbon nanotubes^^’ have been attempted.
In this Chapter, rr-P3HT/s-SWNT nanohybrids are employed as HTLs for BHJ solar cells 
using the strong evidence for preferential hole transport discussed in Chapter 5. In order to 
investigate the nanohybrids to perform in the capacity o f  HTLs in OPVs, devices were 
fabricated with rr-P3HT/s-SWNTs as the HTL with rr-PJHTiPCyoBM ([6,6]-Phenyl-C7I- 
butyric acid methyl ester) as the active photo absorption layer. These investigations were 
further expanded for active layers based on the low bandgap donor polymer PTB7 (Poly[[4,8- 
bis[(2-ethylhexyl)oxy]benzo[I,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
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ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]) /PC7 0 BM system. Under an AM 1.5G 1 
sun illumination, the PTBTiPCyoBM fabricated devices displayed a power conversion 
efficiency (PCE) of 7.6%, which is the best achieved for OPVs without a traditional hole
transport layer 106, 242
Figure 6.1. A schematic representation of a typical device architecture used to fabricate 
solution processed BHJ OPV structures. The active layer consists of light absorbing 
materials which is sandwiched in-between hole transport (HTL) and electron transport 
(ETL) layers. Generally, ITO acts as the positive electrode whereas a metal film is used 
as the negative back electrode.
6 . 2  O p tim is a t io n  o f  t h e  N a n o h y b r id  L a y e r  T h ic k n e s s  f o r  H T L s
Three different layers o f nanohybrids with different concentrations were spin coated on 
cleaned ITO coated glass. The ITO/glass substrates were cleaned in an ultrasonic bath using 
acetone and methanol and were subjected to an oxygen plasma treatment for five minutes. A 
very thick layer with a thickness -  15-20 nm (film 1) (fig. 6.2 (A)) was cast using a 0.5 mg 
m f ' solution spin coated at 500 rpm and a moderately thick film with a thickness ~ 8-12 nm 
(film 2) was spin coated at 1500 rpm using the same solution (fig. 6.2 (B)). An extremely thin 
film with a thickness -1 -5  nm where the nanohybrids are still percolated (film 3) (fig. 6.2 
(C)) was fabricated with a 0.02 mg m f ' solution coated at a spin speed o f 1500 rpm. The 
solution concentration was further decreased to 0.006 mg m f ' and a film spin coated at 500 
rpm (film 4) is shown in fig. 6.2 (D) where the film thickness is -  2-5 nm. All the films were 
then dried at 120° C for 10 min to remove the solvent.
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Figure 6.2. Spin coated films of nanohybrids on ITO/Glass. (A) Film 1 is cast using a 
0.5 mg ml^ solution spin coated at 500 rpm and film 2 shown in (B) is spin coated at 
1500 rpm using the same solution. (C) Film 3 is fabricated with a 0.02 mg ml * solution 
coated at a spin speed of 1500 rpm. (D) Film 4 is a 0.006 mg ml * solution spin coated at 
500 rpm.
rr-P3HT:PC7oBM active layers were spin coated on top o f  the nanohybrid HTL using a 
two-step process; 750 rpm for 40 s followed by 1500 rpm for 1 s (film thickness ~ 220 
nm).
The spin coated devices were allowed to dry slow ly in closed Petri dishes (60 mm 
diameter, 15 mm height) at room tem perature and the films were then annealed at 120°C 
for 10 minutes. The process o f  slow drying and annealing enhances the crystallinity and 
self-assembly o f rr-P3HT which further increases the hole m obility o f rr-P3HT,^"*^
The hole blocking layer, Bathoeuproine (BCP) (2 nm) and A1 (70 nm) electrode (cathode) 
were then thermally evaporated under vacuum o f < 3x10“  ^ mbar. obtained J-V 
characteristic curves under AM 1,50 illuminated conditions are given in fig. 6,3 and the 
device performance characteristics are summarised in Table 6,1,
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Figure 6.3. J-V characteristic curves o f devices with nanohybrid hole transport 
layers (film 1, 2, 3 and 4) o f varying concentrations. The device architecture is: 
lTO/rr-P3HT/s-SW NT (film 1, 2, 3 or 4)/rr-P3HT-PC7oBM/BCP/Al.
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Table 6.1. Device performance characteristics o f solar cells with nanohybrid hole 
transport layers (film 1, 2, 3 and 4) o f varying concentrations.
Device HTL Film Voc
(V)
Jsc (mA cm'^) FF
(%)
PCE
(%)
Rs 
{Q. cm^)
Rsh 
(D cm^)
1 1 0.30± 0.03 7.06±0.12 28.5± 2.6 0.62±0.12 30.8± 0.2 49±5
2 2 0.54± 0.02 7.66± 0.20 52.7± 1.3 2.18± 0.07 l l . l i O . l 193±8
3 3 0.58± 0.01 8.13±0.20 64.5± 1.8 3.04±0.14 9.7± 0.7 770± 10
4 4 0.39± 0.02 6.58± 0.25 50.7± 1.5 1.30±0.09 14.0± 0.5 393±5
Voc o f a BHJ solar cell has a linear relationship with the energy difference between the 
highest occupied molecular orbital (HOMO) o f  the Donor (D) material and the lowest 
unoccupied molecular orbital (LUMO) o f the Acceptor (A) material (known as the effective 
band gap, Eg). However, in practice the predicted maximum Voc drops by 0.3-0.5 eV due to
surface and bulk recombination.244,245
Based on the work done by Koster et the open circuit voltage is given by.
(6.1)
where, Eg is the effective band gap, T is the temperature, Kb is the Boltzmann constant, Nc is 
the effective density o f states and n, p are the charge carrier densities o f the electrons and 
holes in the device respectively. For a specific donor-acceptor blend it is reasonable to 
assume a constant Nc. Therefore, a higher steady state charge carrier concentration leads to an 
increase in Voc. The two ways o f  achieving a higher steady state carrier concentration are; (i) 
a higher generation rate o f  polarons and (ii) a lower recombination rate. "^*^
In these devices, all the layers and parameters o f  fabrication except the HTL composition are 
held constant. Therefore, the observed Voc variation is predicted to be due to surface 
properties and independent o f bulk properties. When a thinner film o f  HTL is used the 
proportion o f light passed onto the active layer is higher. Thus, the photogenerated charge 
concentration is higher leading to increased Voc values (devices 1, 2 and 3). Also, a better 
Ohmic contact between the HTL and the electrode generates a higher Voc through lower 
recombination rates.^^^ According to Table 6.1, a higher Rs is observed for device 1 
compared to devices 2 and 3 indicating a higher contact resistance in device 1. Therefore, it is 
clear that with thicker HTLs the resistance toward charge transport from the active layer to 
the electrode is high. Higher Rs values lead to increased recombination o f charges. Also, the 
increase in Rsn when thinner HTLs are used (from device 1, 2 to 3), is an indication o f  lower 
leakage currents and low recombination. Therefore, with thicker HTLs, higher 
recombination rates reduce the Voc o f the devices.
1 0 1
Although, the thinnest HTL is used in device 4, the Voc o f the device is lower than that o f 
device 2 and 3. This is an indication o f the insufficiency o f  the number o f nanohybrids 
present in the HTL layer (film 4) for effective preferential charge transfer, which leads to 
higher charge recombination and lower Voc values. This is further evident by the higher Rs o f 
device 4 in comparison with devices 2 and 3.
Jsc o f a device varies with the photogenerated carrier concentration as well as with the 
number o f photogenerated charges collected at the electrodes. In devices 1, 2 and 3, the 
increase in Jsc with decreasing HTL layer thickness is attributed to the lower Rs and the 
higher R sh o f  the devices with a thin HTL and the higher fraction o f photons passed to the 
active layer. As explained before, a lower Rs is an indication o f  lower recombination rates 
which enhances the charge collection at the electrodes and a higher R sh indicates low leakage 
currents in the device. However, the drop in Jsc in device 4 is attributed to the enhanced 
charge recombination o f the device due to the very low nanohybrid concentration o f  the film 
that acts as a poor charge selective layer.
FF o f solar cells is governed by two parameters; series (Rs) and the shunt (Rsh) resistance. A 
lower Rs and a higher Rsh enhances the FF. In the case o f devices 1, 2 and 3, the 
enhancement o f FF with decreasing film thickness o f the HTL is governed both by the 
decreased Rs and the enhanced Rsh o f the devices. In a thicker film as the roughness o f the 
film is higher, there is a possibility for a few SWNTs to stick out o f the HTL and penetrate 
into the active layer.*'*^ In that case, there will be more parallel paths/shunts available for 
current flow (low Rsh). Therefore, high leakage currents and recombination would adversely 
affect the performance o f the solar cell by decreasing the FF. The observation o f  the highest 
Rsh with the thinnest nanohybrid HTL (film 4) is due to the presence o f  a minimum number 
o f nanohybrids reducing the shunt pathways for current flow. However, since the number o f 
nanohybrids is too low, a larger fraction o f  the active layer will be exposed directly to the 
ITO surface which will enhance charge recombination (high Rs) due to the absence o f  a 
sufficient charge selective layer. This also indicates that nanohybrids form a better Ohmic 
contact between the active layer and the ITO electrode.
Considering the results obtained, it is clear that an optimum concentration o f the nanohybrid 
HTLs should be used in devices. I f  the concentration is too high, leakage currents will be 
higher due to the roughness o f the nanohybrids. Also, the film should not be too thin as the 
amount o f nanohybrids present would be insufficient for efficient charge extraction. 
Therefore, a balance between the roughness o f the films and the amount o f  nanohybrids is 
important for good device performance. As device 3 shows better performance, a thickness
1 0 2
similar to film 3 (< 5 nm) was used to fabricate devices to optimise the performance 
characteristics.
6 .3  T r a n spa r e n c y  of N a n o h y b r id s
A key property o f a good HTL in OPVs is that in addition to its selective charge transport, it 
has the ability to transmit a high percentage o f incident photons through to its active layer.^ 
Therefore, transmission spectroscopic analysis o f a film similar to that used in device 3 (fig. 
6.4) was conducted. For comparison, the transmission spectrum of a typical PEDOT:PSS film 
that is used for optimised devices is also given in fig. 6.4.
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Figure 6.4. Transmission spectra of 0.02 mg ml^ rr-P3HT/s-SWNT spin coated on 
ITO/Glass at a speed of 1500 rpm (red) and PEDOTiPSS film spin coated on ITO/Glass 
at a speed of 5000 rpm (black). Transmission spectrum of ITO/Glass is given in gold.
The transmission spectrum o f rr-P3HT/s-SWNTs on ITO/Glass indicates a maximum 
transmission o f -89%  in the region o f 400 -  750 nm, where the highest spectral irradiance is 
observed for the AM 1.5G solar spectrum whereas the maximum transmission for a film of 
PEDOTiPSS on ITO/glass is -85% .
29.63 nm
1
-16.30 nm
Figure 6.5. AFM image of the rr-P3HT/s-SWNT film on ITO/GIass illustrating a less 
dense, percolated network of nanohybrids.
The AFM scan o f the less-dense nanohybrid film used to measure transmission and which 
was employed in device 3 fabrication is depicted in fig. 6.5.
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The high transparency o f the nanohybrid film confirms the value o f these rr-P3HT/s-SWNT 
nanohybrids with the transmission o f a significant fraction o f the incident photons to the 
active layer o f the OPV.
6.4 O p tim is a t io n  o f  d e v ic e  p e r fo r m a n c e  u s in g  n a n o h y b r id  HTLs
Devices were fabricated using the same procedure as in Section 6.2 where the nanohybrid 
HTL (0.02 mg mf^) was spin coated on ITO/glass at 1500 rpm to maintain a thickness o f < 5 
nm followed by annealing at 120® C. rr-PSHTiPCyoBM was used as the active layer (same 
method o f preparation as in Section 6.2) where a range o f deposition spin speeds were used to 
vary the active layer thickness. Spin coating was done using a two-step process where the 1 
step varied between 300 -  1300 rpm for 40 s and the 2^  ^ step was 1500 rpm for Is. The spin 
coated devices were allowed to dry slowly in closed Petri dishes (60 mm diam eter, 15 
mm height) at room tem perature and the films were then annealed at 120°C for 10 min.  2 
nm o f BCP followed by 70 nm o f A1 was thermally deposited on the active layer as described 
previously.
The measured device performance parameters and the J-V characteristics under AM 1.5 G 
light are presented in Table 6.2 and fig. 6.6 respectively.
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Figure 6 .6 . J-V curves o f the solar cells employing 0.02 mg ml 'nanohybrid HTLs spin 
coated at 1500 rpm on ITO/Glass (fig 6.5). The active layers consisting o f rr- 
P3HT:PC7oBM are spin coated at varying spin speeds from 300-1300 rpm. The 
thicknesses of the active layers are; film 1 -  370 nm, film 2 -  320 nm, film 3 -  278 nm, 
film 4 -  220 nm, film 5 -  218 nm, film 6 -  218 nm, film 7 -  210 nm, film 8 -  198 nm.
As observed from Table 6.2, Voc o f the devices are fairly constant throughout the active layer 
thickness range with an exception at -  370 nm. Since, an active layer thickness o f -3 7 0  nm is
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very high, the generated photo charges recombine before reaching the electrodes. As a result, 
a drop in Voc is observed when the active layer thickness is very high.
The Jsc is lowest when the active layer thickness is highest (~ 370 nm) and lowest (~ 198 
nm). Although a thick active layer produces a high number o f photogenerated carriers, the 
charges can recombine before they reach the electrodes as the thickness is high. In the 
presence o f a relatively rough nanohybrid layer underneath (compared to a smooth film 
formed by PEDOTiPSS) the active layer, it is expected that more leakage currents will be 
produced in the device. However, this effect is prominent when thinner active layers are used 
as the roughness imparted by the nanohybrids is minimised with a thicker active layer. This is 
evident from the extremely low Rsh o f  device 8 compared to the devices with thicker active 
layers.
Table 6.2. Device performance characteristics o f 0.02 mg ml'^nanohybrid HTL (spin 
coated at 1500 rpm on ITO/Glass) incorporated solar cells with varying rr- 
PSHTrPCyoBM active layer thicknesses.
Device/
Film
Active layer 
spin speed 
(rpm)
Thickness of 
the active layer 
(nm)
Voc
(V)
Jsc
(mA
cm'^)
FF
(%)
PCE
(%)
Rs 
cm )
Rsh
(n
cm )
1 300 370± 10 0.47±
0.01
7.55±
0.21
28.3± 
1.4
0.97±
0.14
35.1±
0.2
70±6
2 400 320±5 0.56±
0.02
8.04±
0.16
58.3±
2.3
2.62±
0.16
10.7±
0.4
433±9
3 500 278± 12 0.58±
0.02
8.36±
0.15
69.4±
1.1
3.36±
0.09
8.7±
0.6
1540±
14
4 600 220±6 0.57±
0.01
7.78±
0.12
59.7±
1.6
2.65±
0.07
10.9±
0.7
513±7
5 750 218± 20 0.58±
0.01
8.13±
0.20
64.5±
1.8
3.04±
0.14
9.7±
0.7
770±
10
6 900 218± 14 0.58±
0.01
7.84±
0.18
64.3±
1.5
2.92±
0.08
9.6±
0.5
642±9
7 1100 210±9 0.59±
0.02
7.89±
0.17
66.1± 
1.3
3.08±
0.11
9.6±
0.4
924±8
8 1300 198±4 0.56±
0.01
7.53±
0.13
40.3±
2.0
1.70±
0.09
13.1± 
0.6
91±10
The lowest FF is observed for device 1 where the lowest spin speed (300 rpm) has been used 
for coating the active layer. The reason, being the inability to spin coat a uniform / 
homogeneous film o f the active layer by using such lower spin speeds. A non-uniform film 
gives rise to leakage paths (evident by the low Rsh) which increase recombination and drop 
the FF o f the device. A lower FF is also observed for the device 8 with a minimum active 
layer thickness. A possibility exists that nanohybrids extend away from the HTL and towards 
the active layer creating shunt paths for current flow. When the active layer thickness is low
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the effect o f  the extended nanohybrids is higher resulting in higher leakage and lower Rsh 
values.
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Figure 6.7. Variation of Voc? Jsc? FF and PCE of the nanohybrids embedded devices 
with active layer thickness.
The best device performance was shown by device 3 which is mainly governed by the 
enhanced FF compared to the other devices. Since, the Rs o f a majority o f the devices are in 
similar order o f magnitude it is the high Rsh o f device 3 that enhances the FF o f the device. 
The reason could be that at an active layer thickness o f ~ 280 nm a smooth film is formed 
with minimum leakage and recombination leading to higher charge carrier mobilities.
6 . 5  C o m p a r iso n  o f  T h e  E f f e c t iv e n e s s  o f  N a n o h y b r id  H T L s w i t h  
PEDOTiPSS
To gauge the effectiveness o f rr-P3HT/s-SWNT films in comparison to commonly used 
PEDOT iPSS HTLs, three different multilayer devices were fabricated:
(A) lTO/rr-P3 HT-PC7oBM/BCP/Al
(B) lTO/rr-P3HT/s-SWNT/rr-P3HT-PCyoBM/BCP/Al
(C) ITO/PEDOT:PSS/rr-P3 HT-PC7oBM/BCP/Al
rr-P3HT:PC7oBM active layer was prepared using the same procedure as described earlier. 
Device 1: ITO coated glass which had been pre-cleaned was used to spin coat the rr-
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P3HT:PC7oBM active layer. A two-step spin coating process was utilised for the spin coating 
o f the active layer; first step at 750 rpm for 40 seconds and second step at 1500 rpm for 1 
second, which was found to yield optimal active layer thickness (220 nm).
Device 2: A 0.02 mg mf^ solution o f rr-P3HT/s-SWNT was spin coated on pre-cleaned ITO 
coated glass at a speed o f 1500 rpm for 1 minute and was annealed at a temperature o f 120°C 
for 10 minutes allowing the solvent to evaporate and to enhance order/crystal Unity o f rr- 
P3HT. The active layer consisting o f rr-P3HT:PC7oBM was spin coated on top o f the rr- 
P3HT/S-SWNT film in a two-step process; first step at 500 rpm for 40 seconds and second 
step at 1500 rpm for 1 second.
Device 3: A solution o f PEDOTiPSS was spin coated on cleaned ITO at a speed o f 5000 rpm 
for 1 min and was thermally annealed at 150°C for 10 min (~ 40 nm). rr-P3HT:PC7oBM 
active layer was spin coated on top o f the PEDOTiPSS layer as in the case o f device 1 with 
the two step process.
All the spin coated devices were allowed to dry slowly in closed Petri dishes (60 mm 
diameter, 15 mm height) at room temperature and the films were then annealed at 120°C for 
10 minutes. The hole blocking layer, Bathoeuproine (BCP) (2 nm) and A1 (70 nm) electrode
(cathode) were thermally evaporated under vacuum o f <3x10"^ mbar.
rr-P3H T/s-SW NT
P3HT
P 3 HT/PC70BM
PCinBM
-  rr-P3HT/ 
s-SW N T
Figure 6 .8 . A schematic representation of the device architecture used to fabricate 
solution processed OPV structures. The active layer consists of rr-P3HT:PC7oBM which  
is sandwiched in-between rr-P3HT/s-SWNT hole transport and BCP electron 
transporter layers. ITO acts as the positive electrode whereas A1 represents the negative 
electrode. An image of the charge transfer processes occurring at the nanohybrid HTL 
-  active layer interface is shown on the left hand side. The photo generated electrons of 
rr-P3HT are transferred to PC70BM while the holes are transferred to the hole doped 
nanohybrid layer.
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Device 1 is the reference without any HTL to measure the potential o f the nanohybrid layer in 
OPVs. Device 2 is the best performing solar cell in Table 6.2. Device 3 was fabricated using 
optimum parameters for PEDOTiPSS employing rr-PSHTiPCyoBM devices to compare the 
results with nanohybrid HTLs. The J-V characteristics o f best performing devices 1, 2 and 3 
under AM 1.5G illumination with an irradiation intensity o f 1000 W m'^ are depicted in fig. 
6.9.
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Figure 6.9. J-V characteristics of devices 1 (black), 2 (purple) and 3 (orange) under AM  
1.5G illumination with an irradiation intensity of 100 mW cm^ Device 1 = ITO/rr- 
P3HT-PC7oBMfBCP/Al, Device 2 = ITO/rr-P3HT/s-SWNT/rr-P3HT-PC7oBMÆCP/Al 
and Device 3 = ITO/PEDOT:PSS/rr-P3HT-PC7oBM/BCP/Al.
The device performance parameters calculated using the results displayed in fig. 6.9 are 
shown in Table 6.3.
Table 6.3. Device performance parameters for devices 1, 2 and 3 where, 1 = ITO/rr- 
P3HT-PC7oBM/BCP/A1, 2 = ITO/rr-P3HT/s-SW NT/rr-P3HT-PC7oBMdBCP/Al and 3 = 
ITO/PEDOT:PSS/rr-P3HT-PC7oBMdBCP/AI.
Device HTL Voc
(V)
Jsc (mA 
cm'^)
FF
(%)
PCE
(%)
Rs
(D cm^)
Rsh 
(D cm^)
1 No HTL 0.57±
0.04
8.65± 0.11 57.0±
1.6
2.81±
0.05
15.0±
0.4
1465±
20
2 rr-P3HT/s-
SWNTs
0.58±
0.02
8.36±0.15 69.4±
1.1
3.36±
0.09
8.7±
0.6
1540±
14
3 PEDOT:PSS 0.61±
0.01
8.70± 0.09 68.4±
1.3
3.63±
0.02
9.6± 0.4 1541±
12
As can be observed from Table 6.3, HTLs play an important role in enhancing the PCE. The 
performance o f the devices employing PEDOT:PSS and nanohybrid HTLs are comparable. 
The better performance when HTLs are incorporated is mainly due to the increased FF values 
and is evident from the lower Rs and Rsh values o f devices 2 and 3 in comparison to device 1. 
The observation o f a significant enhancement o f the FF by -12%  in device 2, compared to 1,
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implies that the rr-P3HT/s-SW NT film has acted as an efficient HTL. The reasons for the 
enhancement in FF are thought to be due to increased selective charge carrier mobility, better 
Ohmic contact between the ITO and rr-P3HT/s-SWNT layer, as well as the enhanced 
interfacial contact between the active layer and the hole transport layer with the rr-P3HT 
wrapping o f the n a n o t u b e s . T h e  lower Rs when nanohybrids are incorporated is an 
indication o f a better Ohmic contact and reduced recombination o f charges between the 
nanohybrids and the ITO electrode in comparison to the contact between rr-P3HT in the 
active layer and the ITO electrode.
When the nanohybrid HTL incorporated device is compared with PEDOTiPSS, a slightly 
higher Voc and a Jsc is observed for the PEDOT:PSS based device. The lower Jsc and Voc 
values in the nanohybrid device could arise due to the use o f a thicker active layer (-280 nm) 
compared to -  220 nm in the PEDOTiPSS reference device which leads to higher charge 
recombination. However, the FF is slightly higher when nanohybrids are present. This could 
be an advantage o f the use o f 3D networks such as nanohybrids over planar thin films (eg. 
PEDOTiPSS) where the ability for the active layer materials to infiltrate through the 
nanohybrid network enhance the contact area between the HTL and the active layer.
This facilitates better charge extraction leading to lower recombination rates.
The obtained comparable results for PCEs o f nanohybrid and PEDOTiPSS devices indicate 
the possibility o f using rr-P3HT/s-SWNTs as an alternative to PEDOT:PSS with the 
advantage o f  chemical inertness o f nanohybrids which could enhance the device life time 
under operating conditions.
Furthermore, analysis o f the UV-Vis spectra given in fig.5.3 clearly indicates the 
disappearance o f the absorption edge at 460 nm in the nanohybrid spectrum corresponding to 
free rr-P3HT present in the medium. Therefore, considering the absence o f free rr-P3HT 
within the nanohybrids, it is important to note that the enhancement o f the PCE is due to the 
efficient hole carrier ability o f the nanohybrids and not due to any form o f free rr-P3HT 
present in the nanohybrid solution used to prepare the film.
6 . 6  M e ch a n ism  o f  C h a r g e  E x t r a c t i o n
According to the literature, the work function (0 )  o f  SWNTs (metallic and semiconducting) 
lies in the range o f 4.8 -  5.1 It has been reported by Zhao et.al that in the presence 
o f electron donating metals (K, Rb, Cs) the 0  o f SWNTs is decreased ( -  0.2-0.3 eV for 
SWNT bundles) as a result o f charge transfer. The reduction o f 0  can be understood by the 
electron transfer from metal to SWNT which shifts the Fermi level o f the conducting band
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towards the vacuum. In the previous Chapter 5, an electron transfer from the s-SWNTs to the 
polymer in nanohybrids has been shown. Other groups have also proven a similar charge 
transfer mechani sm’ for SWNTs (both metallic and semiconducting) in the presence o f 
IT-P3HT, leading to hole doping o f nanotubes with a subsequent increase o f 0 .
The performance o f type 2 device show that rr-P3HT/s-SWNTs have a desirable 0  to act as 
an efficient hole extraction layer which results in better performance o f device 2 than 1. This 
is attributed to a decrease in the energy barrier height between the ITO electrode and the 
active layer at the interface. As a result, hole extraction and charge selectively is enhanced, 
thereby reducing the charge recombination o f devices.^ The selective charge transport can be 
elucidated if  the 0  o f the rr-P3HT/s-SWNTs is considered to lie in the upper limit o f 4.8 -  
5.1 eV due to p-doping o f the s-SWNTs based on its interaction with rr-P3HT. Based on the 
analysis given in Chapter 5.10 the 0  of the hole doped s-SWNTs is 4.9 eV. Such a high work 
function is favourably aligned with HOMO o f the rr-P3HT (5.2 eV) (fig. 6.10) in the active 
layer allowing preferential hole transfer from the active layer to the anode (ITO -4.7 eV) 
leading to device efficiencies comparable to those consisting o f PEDOT:PSS.
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Figure 6.10. Suggested band diagram of a device (ITO/rr-P3HT/s-SW NT/rr-P3HT- 
PC70BM/BCP/A1) employing rr-P3HT/s-SWNT nanohybrids as a hole extraction layer. 
The energy values are in eV.
6 .7  En h a nc ed  Efficiencies t h r o u g h  In c o r p o r a t io n  of Lo w  B a n d g a p  
P olym ers in  t h e  A ctive  La yer
Considering the high efficiency o f the prepared nanohybrids as a hole extraction layer, a 
series of OPV devices were fabricated using the relatively low bandgap polymer PTB7 
(Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[l,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2- 
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]) (HOM O-5.1, LUM O-3.3) as the donor 
material in the active layer.
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A nanohybrid solution with a concentration o f 0.02 mg mi'^ was spin coated at 1500 rpm for 
1 minute on pre-cleaned ITO coated glass and was annealed at a temperature o f 120°C for 10 
minutes. The active layer (PTBViPCyoBM) was spin coated on top o f the rr-P3HT/s-SW NT at 
spin speeds varying between 500 rpm -  1000 rpm for 2 minutes. The spin coated devices 
were allowed to slow dry in closed petri dishes for 60 min prior to deposition o f 4 nm BCP 
and 80 nm A1 under a vacuum o f < 3x10'^ mbar. The energy level alignment o f materials o f 
the fabricated devices is schematically represented in fig. 6.11 where the energy is in eV.
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Figure 6.11. Energy level alignment of OPVs with the device architecture; ITO/rr- 
P3HT/s-SWNTs, P T B T iP C y o B M ,  B C P  and Al.
The obtained J-V characteristics under AM 1.5 G light and the calculated device performance 
parameters are given in fig. 6.11 and Table 6.4 respectively.
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Figure 6.12. J-V characteristics of the solar cells using nanohybrid HTLs with varying 
thicknesses of the P T B T iP C v o B M  active layers in the range 90-200 nm. The thicknesses 
of the active layers are; film 1 -  200 nm, film 2 -  170 nm, film 3 -  160 nm, film 4 -  160 
nm, film 5 -  100 nm, film 6 - 9 0  nm.
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Table 6.4. Device performance o f the solar cells using nanohybrid HTLs with varying 
thicknesses of the PTB7:PC?oBM active layers in the range 90-200 nm.
Device Active layer 
spin speed 
(rpm)
Thickness of the 
active layer (nm)
Voc
(V)
•Isc (mA 
cm'^)
FF
(%)
PCE
(%)
Rs
(^
cm^)
Rsh 
cm )
1 500 200± 10 0.62±
0.02
15.22±
0.14
63.7± 
1.5
6.01±
0.28
3.8±
0.5
527±
16
2 600 170±5 0.68±
0.02
15.46±
0.22
72.6±
0.9
7.63±
0.13
2.7±
0.8
610±
27
3 700 160± 12 0.64±
0.01
15.33±
0.19
66.6± 
1.2
6.54±
0.25
3.3±
1.2
409±
21
4 800 130±8 0.62±
0.03
14.82±
0.25
63.8±
1.7
5.87±
0.22
3.8±
0.4
309±
11
5 900 100±4 0.62±
0.01
15.10±
0.16
64.3±
0.8
6.02±
0.17
3.6±
0.9
525±
18
6 1000 90± 15 0.62±
0.01
15.42±
0.28
70.3:k
1.2
6.73±
0.19
3.1±
1.6
565±
0.25
0.71 
0.70 
0.69 
0.68 
0.67 
0.66 
>  0.65
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Figure 6.13. Variation of Voc? Jsc? FF and PCE o f the nanohybrid HTLs 
incorporated devices with active layer thickness.
A comparison o f the device performance characteristics o f different active layer thicknesses 
indicates a Voc increase in the best performing device (device 2) when the active layer 
thickness is -170  nm. This is attributed to a lower recombination rate in the device which is 
evident from the low Rs and high Rsh values. However, the increased PCE o f device 2
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(7.63%) is mainly affected by the enhanced FF value (72.58%) which is once again due to the 
high Rsh and low Rs compared to the other devices. Therefore, 170 nm is considered to be the 
optimum layer thickness where the charge generation, charge collection at the electrodes are 
maximum and the recombination rate is a minimum when nanohybrids are incorporated as 
the HTL.
6.8 C o m p a r iso n  o f  E f f ic ie n c y  w i t h  PED0T:PSS
An optimised reference device without any HTL for comparison and an optimised device 
employing PEDOT:PSS was fabricated to study the potential o f nanohybrids as compared to 
the widely used HTL standard, PEDOT:PSS. Evaluation o f the performance o f  nanohybrid 
layers was carried out based on three different multilayer Device types: 1, 2 and 3 (Table 6.5) 
with an active layer comprising o f PTB7 and P C 7 0 B M . While Device 1 did not incorporate a 
HTL, Device 2 consisted o f a 40 nm thick PEDOTrPSS layer and Device 3 contained a <5 
nm thin network o f  nanohybrids as the HTL.
Device Type 1: ITO coated glass which had been pre-cleaned was used to spin coat the 
PTB7:PC?oBM active layer at 1000 rpm for 2 mins.
Device Type 2: A solution o f PEDOTiPSS was spin coated on cleaned ITO coated glass at a 
speed o f  5000 rpm for 40seconds to obtain a thickness o f  40 nm and was annealed at a 
temperature o f 155°C for 10 minutes. The active layer consisting o f PTB7 /PC70BM was spin 
coated at 1000 rpm for 2 mins (~ 90 nm) on top o f the FEDOT:PSS film.
Device Type 3: A solution (-0.02 mg mf^) o f  rr-P3HT/s-SWNTs was spin coated on cleaned 
ITO coated glass (as given above) at a speed o f 1500 rpm for 1 minute and was annealed at a 
temperature o f 120°C for 10 minutes allowing the solvent to evaporate. The active layer 
consisting o f PTB7/PC70BM was spin coated at 600 rpm for 2 mins on top o f the rr-P3HT/s- 
S WNT film where the active layer thickness is -170  nm.
Devices with dual hole transport layers consisting two layers o f rr-P3HT/s-SW NTs and 
PEDOT iPSS were also fabricated in order to analyse the behavior o f such devices. Device 4 
was fabricated with an initial PEDOTrPSS layer deposited on ITO followed by a layer o f  rr- 
P3HT/s-SWNTs. Device 5 was fabricated by depositing the layer o f rr-P3HT/s-SW NTs first 
followed by a PEDOTrPSS layer.
Device 4r A solution o f PEDOTrPSS was spin coated on cleaned ITO coated glass at a speed 
o f 5000 rpm for 40seconds and was annealed at a temperature o f  155°C for 10 minutes. A 
solution (-0.02 mg mf^) o f rr-P3HT/s-SWNTs was then spin coated on the PEDOTrPSS 
layer at a speed o f 1500 rpm for 1 minute and was annealed at a temperature o f 120°C for 10
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minutes. The active layer consisting o f PTB7 /PC70BM was subsequently spin coated at 1000 
rpm for 2 mins.
Device 5: A solution (-0.02 mg m f ’) o f rr-P3HT/s-SWNTs was spin coated on cleaned 
ITO/Glass at 1500 rpm for 1 minute and was annealed at 120°C for 10 minutes. A solution o f 
PEDOTiPSS was spin coated on the nanohybrid layer at 5000 rpm for 40 seconds and was 
annealed at a temperature o f 155°C for 10 minutes. The active layer consisting o f 
PTB7 /PC70BM was spin coated on the PEDOTiPSS layer at 1000 rpm for 2 mins.
All devices (1-5) were slow dried at room temperature. 4 nm o f BCP and 80 nm o f Al were 
then thermally evaporated under vacuum o f < 3x10'^ mbar. The J-V characteristics o f best 
performing devices 1, 2, 3, 4 and 5 under AM 1.5G illumination with an irradiation intensity 
o f 1000 W m'^ are depicted in Eg.6.14 and the device performance characteristics o f the 
devices are given in Table 6.5.
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Figure 6.14. J-V characteristics of devices 1 (black), 2 (red), 3 (blue), 4 (green) and 5 
(orange) under AM 1.5G illumination with an irradiation intensity of 1000 W m' .^ The 
active layer (PTB7 :PC7oBM) thickness of devices 1, 3, 4 and 5 is -  90-100 nm and -  170 
for device 3.
The potential o f the nanohybrids as a HTL is again proven by the significant improvement o f 
36% in the PCE o f device type 2 compared to device type 1, leading to a PCE o f 7.6% which 
is the highest reported for a carbon nanotube HTL incorporated OPV to date.^^’ It is clearly 
seen that the enhanced PCE o f device type 2 is governed by the enhanced FF o f -73%  
compared to -55%  of device type 1. The improved FF due to a low Rs and a high Rsh value 
could be explained using the same reasons given in Section 6.5; increased charge carrier 
mobility through reduction o f recombination and the better Ohmic contact between the ITO
and rr-P3HT/s-SWNT layer 42. 248
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Comparison o f device 2 and 3 reveals that the FF o f device 2 is higher than device 3 where 
the Voc and Jsc are similar for both devices. Although the R sh is higher when PEDOTiPSS is 
used the increased FF in device 2 is governed by the reduced Rs. The reason for the lower 
Rsh in device 2 could be the roughness o f  the nanohybrid network (which generate leakage 
pathways) as opposed to the smooth film formation o f PEDOTiPSS. The lower Rs with 
nanohybrids indicate a better Ohmic contact between the active layer and the HTL due to the 
3D nature o f the network (enhanced surface area) as explained earlier. PCEs o f the same 
order for both nanohybrid and PEDOTiPSS incorporated devices further proves that the 
nanohybrids are a potential candidate for replacing most HTLs used in OPVs.
Table 6.5. Device performance parameters for best performing device types 1, 2, 3, 4, 5 
where, l=ITO /PTB7-PC7oBM/BCP/Al, 2=ITO/PEDOT:PSS/PTB7 :PC7oBM/BCP/Al, 
3=ITO/rr-P3HT/s-SW NT/PTB7-PC7oBM/BCP/Al, 4= ITO/PEDOT:PSS/rr-P3HT/s- 
SWNT/PTB7-PC70BM/BCP/AI and 5= ITO/ rr-P3HT/s-SWNT/ PEDOT:PSS/PTB7- 
PC70BM/BCP/AI under AM  1.5G, 1 sun illumination.
Device HTL Voc
(V)
Jsc(mA
cm'^)
FF
(%)
PCE
(%)
Rs
( 9
cm )
Rsh
( 9
cm )
1 No HTL 0.66±
0.03
15.50±
0.16
55.04=
1.4
5.634=
0.24
5 .54=
0.4
1574=
16
2 rr-P3HT/s-SWNTs 0.68±
0.02
15.46±
0.22
72.64=
0.9
7.634=
0.13
2.74=
0.8
610±
27
3 PEDOTiPSS 0.68±
0.01
15.413=
0.11
70.0=b
0.4
7 .334=
0.05
4.94=
1.3
8364=
12
4 PEDOTiPSS/ rr- 
P3HT/s-SWNTs
0.66±
0.02
15.10±
0.26
69.84=
1.2
6.964=
0.15
3.04=
0.8
7234=
20
5 rr-P3HT/s-SWNTs
/PEDOTiPSS
0.66±
0.01
15.38±
0.18
71.2± 
1.1
7.23=t
0.06
3.74=
1.0
1090±
31
The effect o f using double HTLs was studied by using both PEDOTiPSS and nanohybrid 
HTLs in the same device architecture. However, an improvement in the device performance 
was not observed with dual HTLs. When device 4 is compared with device 5, the Rs is 
slightly lower in device 4 and the R sh is significantly higher in the latter. The lower Rs in 
device 4 as well as in device 2 where the nanohybrids are in direct contact with the active 
layer further ascertains the impact o f an intimate contact between the nanohybrids and the 
active layer materials for selective charge extraction. The slightly higher Rs in device 4 in 
comparison to device 2 is due to the use o f two hole extraction layers that generate higher
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contact resistances in the devices (now, an additional contact between the nanohybrids and 
PEDOTiPSS is present). Therefore, it is clear that nanohybrids allow the formation o f better 
electrical contacts than when PEDOTiPSS is used.
Another interesting feature is the significant increase in the Rsh o f devices when the active 
layer is in contact with PEDOTiPSS (devices 3 and 5). This is due to the smoothness o f the 
PEDOTiPSS films as opposed to the rough networks o f nanohybrids that lead to higher 
leakage currents. It is also worthy to note the lower Rs o f device 5 when compared to device 
3, which is an indication o f a better contact between the nanohybrids and the ITO surface 
than that o f PEDOTiPSS and ITO.
Therefore, based on the above analysis it can be concluded that both PEDOTiPSS and 
nanohybrid HTLs have their own advantages when used in devices, where nanohybrids 
facilitate the formation o f better Ohmic contacts between the active layer as well as the ITO 
electrode (by forming a rough 3D network) and PEDOTiPSS lower leakage pathways by 
forming a smooth film on top o f the rough ITO surface. The smooth film formation o f 
PEDOTiPSS on ITO/Glass (spin coated at 5000 rpm for 40 s and annealed at 150°C for 10 
min) is visible in fig. 6.15 where the RMS roughness o f the film is 0.79 nm.
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Figure 6.15. AFM image (2pm x 2pm) of a PEDOTiPSS layer spin coated on ITO/Glass 
where the RMS roughness is 0.79 nm.
6.9 EQE D e p e n d e n c e  w i t h  t h e  A c t iv e  L a y e r  T h ic k n e s s
EQE analysis o f  nanohybrid incorporated devices was carried out to study the effect o f 
the active layer thickness on device performance. Device fabrication process was carried 
out using the same procedure as in Section 6.7 with varying active layer (PTB71P C 70BM) 
thicknesses (Table 6.4).
The EQE of a solar cell depends on both absorption o f light and collection o f charges at the 
electrodes. Hence, recombination plays an important role in determining the shape o f the 
EQE curve. As observed from fig. 6.16 (A) the blue region (< 400 nm) o f the EQE spectrum 
is reduced significantly when higher spin speeds (thinner active layers) are used to spin coat
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the device active layers. Also, it is important to note the blue shift o f the EQE peak 
wavelength from 372 nm to 340 nm when moving from 600 rpm (-170 nm) to 1000 rpm ( -  
90 nm).
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Figure 6.16. (A) EQE and (B) optical absorption spectra o f nanohybrid HTLs 
incorporated devices with varying active layer thicknesses.
From the EQE spectra it is seen that even though the EQE intensity is significantly low in the 
blue region, an enhancement is observed in the green and red regions for thinner devices. 
Therefore, the lowering o f the blue region EQE is compensated by the enhancement in the 
green and red regions o f the spectrum for thinner active layers. Hence, due to the 
compensation o f EQE in the blue and red regions, irrespective o f the active layer thickness, 
only a small variation in Jsc values are observed when nanohybrid HTLs are used (Table 6.4). 
In order to determine whether the observed pattern o f EQE variation is due to the presence o f 
nanohybrids or not, two devices incorporating PEDOTiPSS were also fabricated with 
extreme active layer thicknesses (spin coated at 500 rpm and 1000 rpm). The EQE spectra o f 
PEDOT iPSS devices are represented in dashed lines in fig. 6.16 (A). The same pattern o f 
variation in the EQE is observed even in the presence o f PEDOTiPSS and hence, it is clear 
that the shapes o f the EQE spectra are affected by the active layer thickness and are not 
modified by the two types o f HTLs as both layers perform equally well in charge extraction. 
The effect o f active layer thickness is further evident by the variation o f optical absorption o f 
the devices with varying active layer thicknesses (fig. 6.16 (B)). As expected a maximum 
amount o f light is absorbed by the thickest active layer (spin coated at 500 rpm) and the 
absorption gradually drops with decreasing active layer thickness. No significant difference is 
observed in the optical absorption o f devices with nanohybrid HTLs and PEDOTiPSS 
incorporated devices.
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6 . 1 0  M o d e l l in g  o f  T h e  U p -S h if t  o f  T h e  O p t im u m  A c t iv e  La y e r  T h ic k n e s s  
IN N a n o h y b r id  In c o r p o r a t e d  D ev ic e s
In general, the optimum performance for rr-P3HT:PC?oBM and PTB7: PC70BM  devices with
PEDOT iPSS HTLs are achieved with active layer thicknesses o f ~ 220 nm and -9 0  nm
respectively. For P3HTiPCBM devices, 220 nm is the active layer thicknesses where a
highest Jsc is generated from the solar cell with optimum optical interference effects.^^^’
However, when nanohybrid HTLs are incorporated a significant increase in the active layer
thickness for both types are observed in order to achieve a maximum PCE (Table 6 .6 ).
Table 6 .6 . Optimum active layer thicknesses o f the best performing nanohybrid 
embedded devices with two types o f active layers; rr-P3HT:PC7oBM and 
P T B 7 : P C 7 oB M .
Active Layer Type Optimised reference active 
layer thickness (nm)
Optimised nanohybrid incorporated device 
active layer thickness (nm)
rr-P3HTiPC7oBM 220 280
PTB7 1 PC70BM 90 170
Since, PEDOTiPSS forms a smooth film and nanohybrids form a rough 3D network it is 
essential to use thicker active layers in order to compensate the Jsc losses due to front surface 
recombination when nanohybrids are incorporated in the devices.
A study, based on modelling the optical field distribution (E^) inside the PSHTiPCBM 
devices was performed in order to investigate the effect o f  the two active layer thicknesses 
220 nm and 280 nm on the photocurrent generation (fig. 6.17). A transfer m atrix based 
Matlab script was used for the calculations where the programme can be download from 
references I The simulations were carried out for 450 nm, 500 nm and 600 nm light
illumination. The four types o f  device architectures modelled are; (A) ITO/PEDOTiPSS (40 
nm)/P3HTiPCBM (220 nm)/ Al (70 nm), (B) ITO/PEDOTiPSS (40 nm)/P3HTiPCBM (280 
nm)/ Al (70 nm), (C) ITO/Nanohybrids (< 5 nm)/P3HTiPCBM (220 nm)/ Al (70 nm) and (D) 
ITO/Nanohybrids (< 5 nm)/P3HTiPCBM (280 nm)/ Al (70 nm).
The simulated normalised E^ as a function o f the distance from Glass/ITO for two different 
solar cell architectures are given in fig. 6.17. In all four types o f  devices, the highest optical 
field intensity is observed for an incident radiation o f 450 nm and the intensity is least when 
illuminated with 500 nm radiation. Generally, the peak optical absorption o f  a PSHTiPCBM 
blend is around 450 nm (same case with the particular blend used for the simulation) and 
hence, a maximum E^ intensity can be seen under 450 nm radiation.^^"^ A relatively smaller 
optical absorbance peak could be observed in PSHTiPCBM blends at 600 nm and no
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significant absorption edge is present at 500 nm. This is the reason for the better optical field 
intensity with 600 nm radiation in eomparison to illuminating with 500 nm radiation.
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Figure 6.16. Simulated normalised optical field distribution (for 450 nm, 500 nm and 
600 nm illumination) as a function of the distance from Glass/ITO. The solar cell 
architecture of (A) is ITO/PEDOT:PSS (40 nm)/P3HT:PCBM (220 nm)/ Al (70 nm) and 
(B) has the same architecture with a P3HT:PCBM thickness of 280 nm. (C) consists of 
ITO/Nanoyhbrids (< 5 nm)/P3HT:PCBM (220 nm)/ Al (70 nm) and (D) has the same 
architecture with a P3HT:PCBM thickness o f 280 nm. Note that the optical constants of 
the nanohybrid layer is not considered due to the presence of a very thin (< 5 nm) 
network of CNTs rather than a film.
It is evident from fig. 6.17 (A) and (B) that the electric field in the active layer decreases with 
the increase o f active layer thiekness from 220 nm to 280 nm. Also, the high field near the 
active layer-PEDOT:PSS interface in fig. 6.17 (A) indicates a higher charge generation near 
the interface which leads to further enhanced charge extraction from the device.^^ The reason 
is that the charges would have to travel a less distance to reaeh the electrodes making the 
probability o f recombination lower near the interface. Due to the above reasons, 220 nm is 
proven to be the optimum active layer thickness when PEDOTiPSS is used as the HTL.
The second set o f simulations (figs. 6.17 (C) and (D)) were performed in order to determine 
the possible influenee o f the nanohybrids on the electric field distribution. However, as a very 
thin (< 5nm) nanohybrid layer was used and due to the fact that the nanohybrids form a 
dispersed, porous network where the ITO surface is exposed (fig. 6.5) it was assumed that 
the effeet o f nanohybrids on E^ distribution is negligible.^^^ Therefore, in this case the 
effective device arehitecture is assumed to be ITO/P3HT:PCBM/A1. Fig. 6.17 (C) and (D)
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display a significant decrease in electric field intensity with the increased active layer 
thickness. Based on the simulated curves, the calculated Jsc o f the above four devices A, B, C 
and D (assuming ideal deviee performance and 100% internal quantum efficiency (IQE)) are 
14.14 mA cm'^, 13.80 mA cm'^, 14.80 mA cm'^ and 14.30 mA cm'^ respectively. Therefore, a 
lower Jsc is expected for nanohybrid incorporated devices at an active layer th ickness o f 
280 nm. However, in contrast, the fabricated devices show a higher Jsc o f  8.36 mA cm'^ 
at 280 nm and an average Jsc o f  -7 .9 2  mA cm'^ at 220 nm for P3HT:PCBM  active layers 
with nanohybrid HTLs (Table 6.2).
The unexpeeted increase in Jsc with a higher active layer thickness in the presence o f 
nanohybrids is therefore attributed to the enhanced exciton dissociation ability o f the 
nanohybrid HTLs. Previously, in Chapter 5.10 it has been proven that the nanohybrids act as 
exciton dissociation centres based on photo-current measurements o f  a “hole only” device. 
Moreover, the lower Jsc values with thinner active layers indicate that the exciton 
dissociation action o f nanohybrids is not prominent in such devices. The reason is attributed 
to the roughness o f the nanohybrids which adversely affect the device performance by 
creating leakage currents and acting as recombination centres. However, by using thicker 
active layers this could be compensated due to the generation o f a higher number o f  charge 
carriers. Therefore, the necessity o f thicker aetive layers for better performanee when 
nanohybrid HTLs are used is attributed to the inherent roughness o f the nanohybrid network 
as opposed to a smooth film such as PEDOTiPSS.
6 . 1 1  H ole  M o b il it ie s  o f  t h e  S o l a r  Cells  b a s e d  o n  H ole  O n l y  D e v ic e s
To calculate the hole mobility o f OPV devices incorporating nanohybrids and PEDOTiPSS 
(optimised) as the hole transport layer (HTL), hole only devices were fabricated using the 
following procedure.
Nanohybrid incorporated devicesi A portion o f rr-P3HT/s-SWNT solution (-0 .02 mg ml'^) 
was spin coated on cleaned ITO eoated glass (as described previously) at a speed o f 1500 rpm 
for 1 min and was annealed at a temperature o f 120°C for 10 min. The active layer consisting 
o f PTB7 /PC70BM was spin coated at varying spin speeds o f  500, 600, 700 and 1000 rpm on 
top o f the rr-P3HT/s-SWNT film where the active layer thicknesses were -  190, 160, 150 and 
100  nm respectively.
PEDOTiPSS ineorporated device 1 A solution o f PEDOTiPSS was spin coated on cleaned ITO 
coated glass at a  speed o f 5000 rpm for 40 seconds and was annealed at a temperature o f
120
155°C for 10 minutes. The active layer consisting o f PTB7/PC?oBM was spin coated at 1000 
rpm for 2 mins on top o f the PEDOTiPSS film where the active layer thickness was ~ lOOnm. 
After slow drying o f the active layers in a glove box, the devices were transferred to a 
thermal evaporator outside glove box where 10 nm o f M 0 O3 was deposited through thermal 
evaporation at a rate o f -0 .2  Â s ' \  The devices were then transferred to a thermal evaporator 
inside the glove box where 80 nm o f Al was then thermally evaporated under a vacuum o f < 
3x10'^ mbar yielding a device with area 54 mm^.
Insertion o f a M 0 O3 layer (HOMO-5.3 eV and LUMO-2.3eV) prevents electron transfer thus 
making the device “hole only”.
Hole mobility calculations were carried out based on the SCLC model using field 
independent Mott-Gumey equation;*
/  =  (6.2)
J is the current density, Sq is the permitivity o f free space, is the relative permittivity o f the 
organic layer (considered as 3),* V is the applied potential, Vyi is the built in potential, L is 
the thickness o f the device and /u is the hole mobility. Vyi was calculated considering the 
intersection point o f the dark and light current-voltage curves o f hole only devices. The ju 
value o f all types o f devices were estimated based on the linear region o f fig. 6.18 where J is 
proportional to (V-VyO^ (space charge limited region).
The calculated p values o f the devices are summarised in Table 6.7. From the tabulated 
results it is clear that the best hole mobility o f nanohybrid incorporated devices (2.5 x 10'^ * 
cm^ V* s'*) are obtained when the active layer thickness is -  160 nm where the best PCE is 
also achieved. The p o f the PEDOTiPSS incorporated device fabricated using optimised 
parameters is 1.1 x 10'"* cm^ V* s'* which is comparable to the best performing nanohybrid 
incorporated device.
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Figure 6.18. J -  (V-Vyi) characteristics of nanohybrids incorporated hole only devices 
with varying active layer thicknesses and PEDOTrPSS hole only devices for SCLC 
analysis.
Table 6.7. Hole mobilities of nanohybrids and PEDOTrPSS as HTLs with active layer 
thickness.
Type of HTL Active layer spin 
speed (rpm)
Active layer thickness 
(nm)
Hole Mobility x lO'"^  
(cm^V'^s" )^
PEDOTiPSS 1000 100±7 1.1± 0.2
rr-P3HT/s-SWNTs 500 190± 10 1.8± 0.1
rr-P3HT/s-SWNTs 600 160±8 2.5± 0.1
rr-P3HT/s-SWNTs 700 150±5 1.4±0.3
rr-P3HT/s-SWNTs 1000 100±3 1.2± 0.1
Since, under optimised conditions the hole mobility o f devices employing nanohybrid HTLs 
are comparable to PEDOTiPSS devices, it is reasonable to conclude that rr-P3HT/s-SW NTs 
are strong candidates as replacement materials for PEDOTiPSS HTLs in OPVs.
In addition, the validity o f the use o f SCLC model was checked using the “scaling law” ;^ ^^
2 = f  i i )
where, J  is the current density, V is the voltage bias, d  is the film thickness and /  is an 
arbitrary function. If the current is space-charge limited, the current-voltage relationship 
should obey the scaling law (eqn. 6.3) for several different values o f film thicknesses,
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Figure 6.19. Scaling law plot Log (J/d) vs Log (V/d ) (for devices used for hole 
m obility calculations) for different active layer thicknesses of solar cells with  
nanohybrid HTLs. A reference device using PEDOTiPSS is also given for 
comparison.
Coincidence o f the curves with different film thicknesses / the fact that all the curves fall onto 
a single line is a clear indieation that the scaling condition is satisfied and thus, the current is 
attributed to the SCLC.
6 . 1 2  S u m m a r y
rr-P3HT wrapped s-SWNT nanohybrids was utilised as HTLs in BHJ devices due to the 
promising results o f a hole transport mechanism proven in Chapter 5. Well dispersed 
nanohybrids were used to fabricate films on ITO/Glass where even an extremely thin film 
displays good percolation amongst the SWNTs. Films with varying nanohybrids HTL 
thicknesses were used in fabrication o f devices and the best performance was obtained with 
thinner films o f 0.02 mg mf^ s-SWNT concentration. Optieal transmission speetra indicate a 
maximum transmission o f 89% in the range 450 nm -  750 nm in comparison to 85 % in a 
typical PEDOTiPSS film in an optimised device. Therefore, films with 89% optical 
transmission that are still percolated were used as HTLs in devices for further optimisation. 
Comparison o f device performance o f an optimised nanohybrid device with a device 
employing no HTL indicates the efficieney o f the nanohybrids as a HTL (active layer : rr- 
P3 HT:PC7oBM). An improved PCE from 2.8% to 3.4% clearly reveals the fine performance 
o f nanohybrid HTLs.
It is the electron transfer process from the s-SWNTs to the polymer that enables the 
possibility o f the utilisation o f nanohybrids as HTLs in devices as a result o f the favourable 
energy band alignment o f s-SWNTs tuned by the hole doping process. An increase in the
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ionisation potential o f s-SWNTs is expected which modifies the ionisation potential o f s- 
SWNTs to 4.9 eV.
The material composition o f the active layer was ehanged to PTB7:PC?oBM as PTB7 is an 
efficient light absorbing material with a lower band gap that results in better device 
performance in reference solar cells. The devices fabricated produced a PCE o f  7.6% for 
nanohybrid HTLs compared to 7.3 % when PEDOTiPSS optimised layers were used. Hole 
mobility calculations based on SCLC analysis o f  the optimised devices with nanohybrids and 
PEDOT iPSS indicates comparable hole mobilities when nanohybrids are employed; 2.5 x 10' 
cm^ s"^  with nanohybrids and 1.1 x lO'"^  cm^ s'  ^with PEDOT iPSS.
Furthermore, the neeessity o f thicker active layers with the incorporation o f nanohybrid 
HTLs in comparison to standard PEDOTiPSS based devices is analysed using optical field 
distribution in P3HTiPCBM devices. The results suggest that the nanohybrids act as 
additional exciton dissociation centres in devices where the effect is visible only when thicker 
active layers are used. The roughness o f  nanohybrid networks, opposed to smooth films such 
as PEDOTiPSS demands the use o f thicker active layers than reference deviees for optimum 
charge extraction.
The PCE o f 7.6 % o f these devices under AM  1.5G irradiation is also the highest efficiency 
reported to date using CNTs as hole extraction layers. It is believed that the capability for 
such films to act as hole transport layers with higher hole mobilities than PEDOTiPSS will 
pave the way for replacing the traditionally used PEDOTiPSS electron blocking layers for 
highly efficient, solution processable OPVs in future.
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Ch a p t e r  7
H ole D o p in g  o f  E lec tr o n ic  T y pe  
S e p a r a t e d  S ing le  W a l l e d  Ca r b o n  
N a n o t u b e s  a n d  T h e ir  U se  a s  A n o d ic  
Co n d u c t o r s  f o r  E n e r g y  H a r v e s t in g
7 .1  I n t r o d u c t i o n
Despite twenty years since its discovery, single walled carbon nanotubes (SWNTs) still 
attract the attention and interest o f researchers in many fields due to their outstanding 
physieal and electrical properties. A few o f the numerous applications o f SWNTs are 
nanoelectronic devices, field emission displays, chemieal sensors, actuators, optics, batteries, 
solar cells and thin film transistors.^^® The ID ballistic charge transportation o f  SWNTs 
which gives rise to extraordinary electrical conduction is however limited by the inter­
nanotube junction contact resistance, intrinsie defects on the nanotube walls and electron- 
phonon scattering effects.^’ Hence, the electrical conductivity o f SWNT network films are 
significantly low in reality.
The effect o f chemical doping on the enhancement o f charge eonduction o f  SWNTs has been 
widely studied using Bronsted acids, metal chlorides, alkali metals, halogens, Boron and 
Nitrogen atoms, etc.^^^ Amongst the methods used, acid doping is easier since mere 
immersion o f SWNTs in strong acids (H2SO4, HNO3 and HCl) readily hole-dope the SWNTs 
depending on the strength o f the acid used.^^’ Hole doping causes a Fermi level (Ep) 
pinning into the valence band o f SWNTs originated by a down-shift o f  the Ep leading to 
enhanced conductivities o f s-SWNTs.^® '^^^® Even though, it is known that Bronsted acids 
hole-dope the SWNTs, mueh work has not been reported on the selectivity o f  type separated 
SWNTs (s-SWNTs and m-SWNTs) towards hole-doping.
In this Chapter, the impact o f p-doping caused by H N O 3  treatment on the improvement o f  
electrical conductivities o f different types o f SWNT electronic types are discussed. rr-P3HT 
wrapped SWNTs (90% s-SWNTs (Nanolntegris), 90% m-SWNTs (Nanolntegris) and a 
mixture o f m/s-SWNTs (Sigma-Aldrich)) have been used to fabricate the films prior to acid 
treatment due to the capability o f forming well percolated, dispersed networks o f  SWNTs
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through polymer wrapping?^^ The original sheet resistance o f s-SWNTs, m-SW NTs and m/s- 
SWNTs are significantly reduced by 92%, 80% and 80% through the p-doping process. The 
highly conductive doped SWNT thin films have been employed as transparent conductive 
electrodes in BHJ organic solar cells. The results indicate that if  the conductivity and 
transmission o f the doped SWNT electrodes are held constant, the performance o f the solar 
cells are heavily dependent on the roughness / morphology o f the film used despite the 
electronic nature o f the SWNTs used.
7.2 F a b r ic a t io n  o f  SWNT E l e c t r o d e s
rr-PSHT wrapped s-SWNTs, m-SWNTs and a sample o f  SWNTs containing a mixture o f 
m/s-SWNTs nanotubes in dichlorobenzene (-0.5 mg mf^) were used to fabricate semi­
transparent electrodes. The polymer wrapped SWNT nanohybrids were prepared using the 
same procedure described in Chapter 5.2 using 0.5 mg o f 90% s-SWNTs (Nanointegris), 90% 
m-SWNTs (Nanointegris) and a mixture o f m/s-SW NTs (Sigma-Aldrich). Nanohybrid films 
were deposited on glass using a simple drop casting process. A schematic representation o f 
the entire process o f fabrieation, thermal treatment and acid soaking is given in fig. 7.1.
The solutions were initially drop cast on slightly tilted glass substrates at an angle o f  -45° 
followed by drying at 35°C for 10 minutes allowing the formation o f homogeneous uniform 
films o f well dispersed nanohybrid networks (step 1).
Dried films were subsequently annealed at 300°C for 5 minutes where the wrapped rr-P3HT 
strands are burnt out while the affinity o f the nanotubes to the substrate is drastically 
improved (step 2). Thermogravimetric analysis (TGA) was done to estimate the most 
favourable annealing temperature and 300°C was found to be the optimum since the polymer 
burning initiates around 220°C and structural deformations in s-SWNTs occur if  400°C is 
exceeded (TGA data is given in Chapter 5.6). Subsequently the films were dipped in a 70% 
HNO3 solution for 2 hours (step 3) to reduce the sheet resistance. The immersion time was 
selected as 2 hrs to allow complete intercalation o f HNO3 molecules into interstitial positions 
o f the SWNT networks.^^^
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Figure 7.1. A schematic representation of the process of fabrication of SWNT electrodes 
through drop casting followed by thermal annealing and acid soaking.
7 .3  St r u c t u r a l  a n d  Chem ical  Ch a n g es  M a d e  D u rin g  the  Fa b r ic a t io n  
P rocess of Electro des
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Figure 7.2. AFM images of drop cast films o f (A) rr-P3HT/s-SWNTs (step 1), (B) rr- 
P3HT/s-SWNTs annealed at 300°C (step 2) and (C) rr-P3HT/s-SWNTs soaked in 70%  
HNO3 (step 3).
Atomic force microscopic (AFM) images o f s-SWNT films during steps 1-3 are given in 
fig.7.2(A), (B) and (C) respectively. The average root mean square (RMS) roughness o f the 
films are 3.25±0.05 nm, 3.61±0.01 nm and 3.18+0.14 nm respectively. The inerease in 
roughness from step 1 to 2 is attributed to the introduction o f carbonaceous compounds / 
impurities resulting from the polymer burning process. The acid soaked film after step 3 has a 
deereased roughness due to the seleetive affinity o f HNO3 towards etching carbonaceous
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compounds that are shelled o ff from the SWNTs.^^^ Therefore, step 3 produces less rough 
and purer SWNT network films (as will be shown later) and the removal o f impurities is 
visible in the AFM images.
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Figure 7.3. FTIR transmittance spectra of carbon nanotube films on polished 
Germanium substrates where (i) represents a film of pure rr-P3HT, (ii) is a film of 
pristine s-SWNTs, (iii), (iv) and (v) are SWNT films after steps 1 to 3. Step 1 is the 
initial drop casting of the rr-P3HT/SWNT films, step 2 is thermal annealing at 300®C 
for 5 min and step 3 is acid soaking of the nanohybrid films in 70% HNO3 for 2 hrs. (A), 
(B) and (C) represent FTIR spectra in different wavelength regions. (D) is the magnified 
spectrum of (A)-(v) which is a nanohybrid film after acid soaking (step 3).
Fourier transform infrared (FTIR) spectra o f the s-SWNT nanohybrid films were obtained to 
analyse the structural changes introduced during the processes o f thermal and acid treatments 
and are given in fig. 7.3 (A), (B) and (C). Fig. 7.3 (A)-(i) to (v) represents transmittance 
spectra o f pure rr-P3HT, pure s-SWNTs and films after steps 1-3. The peaks corresponding to 
rr-P3HT have disappeared after step 2 indicating the removal o f the polymer. The wavelength 
region 2600 -  3200 cm’’ is magnified in fig. 7.3 (B) illustrating the three peaks at 2856 cm'% 
2925 cm'^ and 2956 cm"' in fig. 7.3 (B)-(i) resulting from C-H bonds on the aliphatic hexyl 
chains o f rr-P3HT (2856 cm'^ = symmetric C-FI stretching vibrations o f -C H 2-  , 2925 cm"' 
and 2956 cm"  ^ = asymmetric C -H  stretching vibrations o f -C H 2-  and -C H 3 respectively).^^’
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The same peaks appear in fig. 7.3 (B)-(ii) indicating that rr-P3HT is present in the nanohybrid 
composite films as shown p r e v io u s ly .T h e r e  is no sign o f the above peaks corresponding 
to rr-P3HT in fig. 7.3 (B)-(iv) which is an indication o f absence o f rr-P3HT after thermal 
annealing at 300°C. The presence o f peaks corresponding to rr-P3HT (1377 cm’’, 1460 cm"’ 
and 1511 cm"’ are bending vibration modes o f -CHg symmetric and asymmetric C=C 
stretching vibrations o f the thiophene rings respectively)^” ’ shown in fig. 7.3 (C)-(i) and 
(iii) but not in (iv), further proving the effect o f annealing at 300°C towards complete 
removal o f the polymer. The small variation o f the vibration frequencies observed in fig. 7.3
(C)-(iii) is due to the interactions between the rr-P3HT and s-SWNTs in the nanohybrid 
composite.^'^”
7.4 I n t e r c a l a t i o n  In d u c e d  C o n d u c t iv i t y  E n h a n c e m e n t  o f  SWNTs by  
H N O sA c id
Bower et al. have shown the action o f HNO3 molecules as intercalants residing in the open 
channels between the individual SWNTs when exposed to HN0 3 .^ '^^  A simple graphical 
representation o f HNO3 molecules residing in the interstitial positions o f a SWNT unit cell is 
given in fig. 7.4.
Figure 7.4. A simple space-filling 3D model illustrating the intercalation of SWNTs by 
HNO3 acid. HNO3 molecules reside in the interstitial positions of a SWNT unit cell 
where N atoms, O atoms and H atom in HNO3 is represented in blue, red and grey 
respectively.
A magnified image o f the FTIR spectrum covering the wavelength range 1200 -  3800 cm"’ o f 
the nanohybrid film soaked in acid (step 3) is given in fig. 7.3 (D) to analyse the effect o f 
acid treatment on the chemical composition o f the SWNTs. The peaks at 1320 cm"’ and 1670 
cm"’ are assigned to -N O 2 symmetric and anti-symmetric stretching modes while the peak at 
1440 cm"’ is due to N -O H  bending vibrations.^^’ The broad peak around 3550 cm"’ is 
attributed to -O H  stretching mode and the reasons for the appearance o f a broad peak around
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2500 cm” is unclear. This unknown broad feature cannot be due to -O H  stretching vibrations 
o f -C O O H  groups due to the absence o f a peak around 1720 cm” arising from C = 0  
g ro u p s .T h e re fo re , this ascertains the fact that HNO3 treatment does not chemically modify 
/ oxidise the SWNTs (absence o f -C O O H  moieties) as in the case o f acid functionalisation. 
The peaks appearing at 1533 cm” and 1630 cm” correspond to vibrational modes o f SWNTs. 
Optical transmission spectra obtained by UV/Vis/NIR spectroscopy (fig. 7.5) further 
confirms the changes made to the nanohybrid films during steps 1-3. Fig. 7.5 (A), (B) and (C) 
correspond to respective transmission spectra o f s-SWNT, m-SWNT and m/s-SWNT 
nanohybrids and curves (i), (ii) and (iii) are films after steps 1, 2 and 3 respectively. The 
transmission dip around 570 nm -  590 nm in fig. 7.5 (A), (B) and (C)-(i) is due to the tu-tt* 
transitions o f the wrapped rr-P3HT present in the nanohybrids i n i t i a l l y . I n  all three 
types o f films the above transmission dip disappears after step 2  indicating the removal o f rr- 
P3HT from the nanohybrids. The overall transmission decreases after step 2 as a result o f  the 
introduction o f impurities by the polymer burning process. After step 3 the transmission 
increases (~ 10% at 550 nm) as acid soaking removes the carbonaceous impurities o f the 
films which is desirable for transparent conducting applications.
Transmission line method (TLM) was used to measure the sheet resistance o f  the SWNT 
films during steps 1-3 and the results o f  optical transmission values at 550 nm o f the 
respective films are summarised in Table 1 and are illustrated in fig. 7.5 (D). Sheet resistance 
o f SWNT networks depends on two major factors: (i) intrinsic resistance o f  the SWNT type 
and (ii) inter-tube contact resistance.^^’^ ^^  For all three types o f films a -  1.7 fold drop in 
sheet resistance is observed from step 1 to 2. The similar drop in sheet resistance is attributed 
to the decrease in contact resistance at the SWNT junctions due to the removal o f the 
surrounding polymer through polymer burning.^^ However, an interesting pattern in the sheet 
resistance drop is observed from step 2 to 3 depending on the nature o f the SWNT type. The 
drop in sheet resistance follows the pattern; s-SWNTs > m/s-SWNTs > m-SWNTs with a ~ 
6.5, ~5 and ~3 fold drop respectively. The reasons for the above observation are discussed 
based on doping effects caused by the H N O 3 treatment process.
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Figure 7.5. (A), (B), (C) are UV/Vis/NIR optical transmission spectra of nanohybrid 
films during steps 1-3. Step 1 is the initial drop casting of the rr-P3HT/SWNT films, 
step 2 is thermal annealing at 300”C for 5 min and step 3 is acid soaking of the 
nanohybrid films in 70% HNO3 for 2 hrs. A, B and C are s-SWNT, m-SWNT and m/s- 
SWNT films respectively. Curves (i), (ii) and (iii) are films after steps 1, 2 and 3. The 
regions corresponding to VHS transitions are marked based on the diameter of the 
SWNT type used.^^  ^ The s-SWNTs and m-SWNTs has a diameter distribution in the 
range of 1.2-1.7 nm whereas, the diameter range o f m/s-SWNTs is G.7-1.4 nm. (D) 
Represents the drop in sheet resistance with increased optical transmission for different 
types of SWNTs during steps 1-3.
Table 7.1. Sheet resistance of SWNT films during steps 1 to 3 with the respective optical 
transmission values at 550 nm.
s-SWNTs m-SWNTs m/s-SWNTs
Sheet
Resistance
(Q/o)
Transmission 
at 550 nm (%)
Sheet
Resistance
(n/o)
Transmission 
at 550 nm 
(%)
Sheet
Resistance
(O/o)
Transmission 
at 550 nm 
(%)
Step 1 8748 73 3509 75 5958 72
Step 2 4669 74 2231 76 3786 74
Step 3 715 84 716 86 769 82
7.5 M ech a n ism  o f  H o le  D o p in g  o f  SWNTs by HNO3
Immersion o f SWNT films in Bronsted acids such as HNO3 and H2SO4 have been proven to 
significantly hole-dope individual SWNTs through an effective Ep pinning mechanism inside
the valence band as a result o f  depletion o f electrons. 264-266.273 Thus, the electrical
conductivity o f doped SWNTs is increased due to the injection o f additional mobile holes
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into the valence band. This phenomena leads to carrier degeneracy and increase o f metallicity 
o f s-SWNTs enhancing the intrinsic conductivity o f s-SWNTs. In addition, in a mixture o f s- 
SWNTs and m-SWNTs with doping the conductivity increases as a result o f  a decrease in the 
inter-tube resistance o f  a semiconducting-metallic junction through mitigation o f the Schottky 
barrier height.^^^ It is also important to note that regardless o f type, the junctions between 
SWNTs form tunnelling barriers for charge transport limiting the conductivity o f films 
irrespective o f  the quantity o f  charges present in a single tube level.^^"^
In this work, transitions between Van Hove singularities (VHS) (S33, M u, S22 and Sn) 
observed in transmission spectra o f SWNTs (fig. 7.5 (A), (B), (C)) are used to explain the 
degree o f  p-doping in the presence o f HNOg.^^' Depending on the extent o f the down
shift o f  the Ep, M u, S22 and Sn transitions in SWNTs should either disappear or supress due 
to the depletion o f electrons resulting ftom hole doping. In fig. 7.5 (A), both S22 and S33 
transition features are suppressed fi*om step 2 to 3 indicating that the Ep has shifted further 
down beyond the 2"^ and 3*^  ^VHS o f the s-SWNTs (fig. 7.6 (A)). The drastic drop o f  the 
Ep accounts for the significant decrease in sheet resistance from step 2 to 3 as a result o f 
Fermi level pinning to the valance band.
An important feature o f fig. 7.5 (B) is the peak present at 700 nm due to M u transitions 
which is intact from step 2 to 3. This is an indieation o f the resistance o f m-SW NTs towards 
hole doping. However, a clear decrease in intensity o f the peak corresponding to S22 is 
observed (1020 nm) proving that s-SWNTs (present in minute amounts as the sample is 90% 
m-SWNTs) are more susceptible towards hole doping. Therefore, least decrease in sheet 
resistance from step 2 to 3 in m-SWNT sample can be explained through the resistance o f m- 
SWNTs towards hole doping. The observed ~ 3 fold decrease in sheet resistance with acid 
soaking is therefore attributed to doping o f s-SWNTs present and the removal o f impurities in 
the m-SWNT film. Considering the increase in S22 and S33 transition intensities and the 
unchanged nature o f  the M u it is believed that the Bp o f the doped system lies below the 
2"“', 3'** VHS o f s-SWNTs and above the 1" VHS o f m-SWNTs (fig. 7.6 (B)).
Similar observations in optical transmission spectra have been reported by Blackburn et a/.™  
where HNO3 and SOCI2 have been used to dope type separated SWNTs. DOE calculations o f 
doped SWNTs suggest that the hole density imparted by SOCI2 is 42% higher for s-SWNTs 
than m-SWNTs. In their work, temperature dependent transport measurements have been 
performed and the results suggest that the dopant molecules adsorbed at or near tube-tube 
junctions create local electric fields that lower tunnel barrier heights, thus increasing the 
conductivity o f SWNT networks.
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Figure 7.6. A schematic representation of 90% s-SWNTs (A), 90% m-SWNTs where 
minute amounts of s-SWNTs are present in the mixture (B) and a mixture of m/s- 
SWNTs (C) after hole doping. 2"** and 3"^  ^ VHS transitions of the s-SWNTs are 
denoted as Su, S22, and S33 whereas the 1®* VHS transition o f m-SWNTs is designated as 
M il. (Note: The m/s-SWNT sample represented in (C) is not a mixture of s-SWNTs and 
m-SWNTs used in (A) and (B) and is a separate batch of SWNTs from a different 
supplier)
Fig. 7.5 (C) clearly illustrates the complete disappearance / heavy suppression o f S22, Sn and 
Mil transitions from step 2 to 3. Therefore, the estimated Ep of the acid soaked m/s-SWNTs is 
positioned below the and 2"^ VHS o f s-SWNTs as well as the VHS o f m-SWNTs (fig.
7.6 (C)). Therefore, the ~5 fold drop in sheet resistance through doping is mainly governed 
by the enhanced conductivity o f s-SWNTs and the lowering o f the inter-tube junction 
resistance between the two types o f SWNTs. As a result, thermal annealing followed by acid 
soaking drops the original sheet resistance o f the SWNT films by 92%, 80% and 80% for s- 
SWNTS, m-SWNTs and m/s-SWNTs respectively.
7 .6  Su it a b il it y  of P E D O T iP SS  as  a  H ole T r a n sp o r t  La y er  fo r  S W N T  
E lectro de  In c o r po r a t e d  O P V s
The suitability o f doped, conductivity enhanced SWNT films as semi-transparent front 
electrodes in solar cells was studied by fabrication o f BHJ devices. Prior to fabrication o f 
solar cells, a thin layer o f PEDOTiPSS (EtOH) was spin coated at 3000 rpm on the doped 
SWNTs with the purpose o f reducing the roughness o f the films. The RMS roughness o f s- 
SWNT films decreased from 3.18±0.14 nm to 1.50±0.16 nm and from 3.66±0.01 to 
2.26±0.14 nm in m-SWNT films. The layer thickness o f PEDOTiPSS (EtOH) used does not 
completely planarise the SWNT films although it gives the maximum device performance 
when employed in devices. In addition, the effect o f PEDOTiPSS on the charge transfer 
process in the device was analysed using Raman spectroscopy.
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Over the years Raman spectroscopy has been used as a tool to study charge transfer processes 
o f CNT composites. According to the literature the Raman G-band is sensitive to the charge 
density o f a material hence, a blue (red) shift o f the Raman G-band o f carbon nanotubes is 
indicative o f the oxidation (reduction) o f a species.^^’ Fig. 7.7 (A) represents the Raman G- 
band o f an acid soaked s-SWNT film (after step 3) (-) (caj =1590 cm"' and =1569 cm"’) 
and a composite film o f PEDOTiPSS (EtOH) (4 ml PEDOTiPSS i 1 ml EtOH for better 
wetting o f SWNTs) spin coated on acid treated s-SWNTs (-) (ooj =1592 cm"' and ooq =1571 
cm"'). A small blue shift by 2 cm"' in the composite film as compared to pristine acid treated 
s-SWNTs indicates a doping effect o f s-SWNTs by PEDOTiPSS (EtOH). The blue shift is 
attributed to an oxidation o f the s-SWNTs in the presence o f PEDOTiPSS (EtOH), leading to 
a hole-doped (oxidised) layer o f s-SWNTs. A similar up-shift o f G-band frequencies is 
observed when PEDOTiPSS is spin coated on m-SWNTs (Fig.7.7 (B)). The G-band blue 
shifts by 3 cm"' with a m j =  1596 cm"' and Wg =  1574 cm"' in PEDOTiPSS/m-SWNTs 
compared to cuj =  1593 cm"' and =1571 cm"' in m-SWNTs.
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Figure 7.7. Raman G-band spectra o f hole doped SWNTs and PEDOTiPSS / doped- 
SWNT composites. (A) represents G-band spectra of acid treated s-SW NTs and 
PEDOTiPSS / s-SWNT composite films and (B) illustrates spectra o f acid treated m- 
SWNTs and PEDOTiPSS / m-SWNT composite films.
The observation o f small shifts in wavenumbers are attributed to lower doping 
coneentrations^^^ (as a thin layer o f PEDOTiPSS is used in devices) and due to the fact that 
PEDOTiPSS is not covalently attached to the nanotube surface^^' (a physical attachment 
governed by supramoleeular interactions such as van der walls and %-n stacking between the 
aromatic rings o f PEDOTiPSS (EtOH) and SWNTs). The above results suggest an electron 
transfer from SWNTs to PEDOTiPSS (EtOH) creating slightly oxidised SWNTs and slightly 
reduced PEDOTiPSS (EtOH) films. This charge transfer process is in favour o f solar cell
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device architecture where an electron transfer from the SWNT electrode to the PEDOTiPSS 
(EtOH) layer (or a hole transfer from the PEDOTiPSS (EtOH) layer to the SWNT electrode)
is essential. 276
7.7 F a b r ic a t io n  o f  OPVs w i t h  S e m i-T r a n s p a r e n t  D o p e d  SWNT F r o n t  
E l e c t r o d e s
Doped SWNT electrode films with characteristics given in Table 1 were used to fabricate 
BHJ solar cells. A typical device architecture consists of; doped SWNT electrode, a layer o f 
PEDOT iPSS (EtOH), active layer (PTBTiPCyoBM), a thin layer o f bathocuproine (BCP) 
followed by thermally evaporated Aluminium (fig. 7.8 (A)). Kelvin probe measurements 
were carried out under ambient conditions to determine the ionisation potentials o f SWNTs 
and PEDOT iPSS (EtOH) and are given in fig. 7.8 (B).
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Figure 7.8. (A) A typical device architecture where doped SWNT coated glass acts as the 
positive front electrode, PEDOTiPSS (EtOH) is the HTL, a blend of PTB7 iPC7oBM is 
used as the active layer, BCP is the ETL and AI behaves as the back negative electrode. 
(B) The corresponding energy level alignment of the materials in the device architecture 
and the energy values are given in eV.
The device fabrication process was carried out as follows;
Devices with SWNT electrodesi The three types o f SWNT films after step 3 were deposited 
on pre-cleaned ITO/Glass and PEDOTiPSS (EtOH) was spin coated at 3000 rpm (60 nm) and 
5000 rpm (40 nm) for 40 seconds followed by thermal annealing at 155°C for 10 mins. A 
two-step spin coating process was used for the spin coating o f the active layer 
(PTB71PC70BM); first step at 500 rpm for 2 mins and second step at 1500 rpm for 2 seconds.
135
The spin coated devices were allowed to dry slowly in closed Petri dishes (60 mm diameter, 
15 mm height) at room temperature for 1.5 hrs. The hole blocking layer, Bathocuproine 
(BCP) (4 nm) and A1 (40 nm) electrode (cathode) were then thermally evaporated under 
vacuum o f < 3x10'^ mbar.
As an initial step, two spin speeds for PEDOTiPSS deposition (3000 rpm, 5000 rpm) was 
used to determine the effect o f the HTL layer thickness on device behaviour. The device 
performance characteristics are given in Table 7.2 and the J-V, EQE curves are shown in fig. 
7.9 (A), (B) respectively.
Table 7.2. Device performance characteristics for single layered s-SWNT, m-SWNT and 
m/s-SWNT electrode incorporated solar cells. The active layer is P T B 7 : P C 7 o B M  where 
the device architecture is Glass/SWNTs/PEDOT:PSS ( E t O B 5 / P T B 7 : P C 7 o B M / B C P / A l .
Electrode
Type
Electrode
Sheet
Resistance
(n/o)
PEDOTiPSS 
(EtOH) spin 
speed (rpm)
Voc
(V)
Jsc(EQE
Correcte
d)
(mA cm"
FF
(%)
PCE
(%)
Rs (D
cm^)
Rsh 
cm )
s-SWNTs 715 3000 0.60
±
0.02
10.47±
0.24
45.6±
0.8
2 .86±
0.15
16.8±
0.6
167±
12
5000 0.68
±
0.03
13.53±
0.18
28.1±
1.2
2.58±
0.23
39.9±
0.9
60±4
m-
SWNTs
716 3000 0.64
db
0.02
12.25±
0.10
36.8±
0.5
2.89±
0.10
27.9±
1.5
178±
10
5000 S -  shaped curve
0.68
±
0.01
10.79±
0.25
26.2±
1.6
1.92±
0.22
43.2± 
1.7
53±6
m/s-
SWNTs
769 3000 0.58
±
0.01
9.55±
0.15
30.2±
1.9
1.67±
0.18
44.6±
0.5
72±9
5000 S -  shaped curve
0.64
±
0.02
10.84±
0.12
19.0±
0.7
1.32±
0.19
82.7±
1.8
38±2
According to the results in Table 7.2, 3000 rpm for PEDOTiPSS spin coating gives better 
device performance dominated by higher FF values. When the Voc o f the devices are 
considered, a significant improvement is observed when a higher spin speed is used. As 
explained previously in Chapter 6 .2 , a higher Voc is expected for devices with high steady 
state carrier concentrations since, the active layers o f all the devices consist o f  the same 
material blends. Therefore, the two factors that determine the steady state carrier 
concentrations are; (i) rate o f polaron generation and (ii) rate o f recombination.^"''^ However,
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in the case o f these devices all the layers and parameters o f fabrication except the HTL 
thickness are held constant. The thicker the PEDOTiPSS layer, the lesser the light 
transmission into the active layer. As a result, the rate o f charge generation is low when a 
thicker HTL is used. This is further evident by the higher Jsc values when the PEDOTiPSS 
spin coat speed is higher.
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Figure 7.9. J-V characteristic curves for single layered s-SWNT, m-SWNT and m/s- 
SWNT electrode incorporated devices are given in (A), (C) and (E) respectively where 
two different PEDOTiPSS spin coating speeds are utilised. (B), (D) and (F) show the 
corresponding EQE spectra displaying the Jsc variation of the cells. The device 
architecture is Glass/SWNTs/PEDOTiPSS (EtOH)/PTB7 :PC7oBM/BCP/Al.
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The variation o f Jsc with PEDOTiPSS thickness could also be explained using the EQE 
spectra (Fig. 7.9). The EQE spectra o f a device depend on; (i) optical losses such as 
transmission and reflectance, (ii) recombination and (iii) charge collection efficiency. In these 
devices an enhancement in EQE (higher Jsc) is expected with lower PEDOTiPSS thicknesses 
as the losses due to optical transmission is reduced for thicker PEDOTiPSS layers. However, 
when higher spin speeds are used, the J-V curves o f both m-SWNTs and m/s-SW NTs appears 
to be S-shaped.
The major cause for the poor device performance when 5000 rpm for PEDOTiPSS is used, 
could be explained from the low FF value o f devices. As explained previously, the reasons 
for poor FF values are; (i) high Rs and (ii) low Rsh o f the devices. Since, the doped SWNTs 
are rough, a thinner PEDOTiPSS layer is insufficient to planarise / smoothen the SWNT 
electrodes creating more shunt pathways for the current to flow that reduces the device R sh- 
Therefore, a heavy reduction o f the Rsh is observed when a higher spin speed to spin coat 
PEDOTiPSS is utilised. An increase in Rs accounting for low FF values is also observed when 
thinner PEDOTiPSS layers are used. This further indicates that a thinner layer o f 
PEDOTiPSS is insufficient to cover the rough SWNT electrdode surface, therby the 
formation o f a good Ohmic contact between the active layer and the electrode is restricted.
7 . 7 . 1  A p p ea ra n ce  o f  S -S h ap ed  C u rves
The origin o f the appearance o f occasional S-shaped J-V curves (S-kinks) under illumination 
resulting in low PCEs in organic solar cells still remains a debate. In such curves the FF drops 
significantly even if  the device Jsc and Vqc are very high. Several groups have suggested 
different reasons / hypotheses for the formation o f  S-curves over the years.
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Glatthaar et al. and de Villers et al. have suggested the origin o f such characteristic 
curves as a result o f  slow charge transfer at one o f the electrical contacts o f the absorber 
layer. The additional charges injected by the good contact are accumulated at the blocking 
contact leading to the formation o f anomalous curves. Based on a simple drift-diffusion 
model o f charges, Kumar et al?^^ have suggested several reasons for the formation o f  S- 
shaped curves. Based on their findings, interfacial dipoles, defects and traps create barriers 
for charge extraction which affects the electric filed distribution o f the device leading to 
unusual shapes in J-V curves.
However, Tress et al?’  ^have suggested a contradictory argument revealing that an imbalance 
in charge carrier mobilities (electron mobility and hole mobility) in the active layers o f  a 
bilayer device causes the S-kinks. Based on their work, instead o f the contacts, the charge
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transfer properties o f the active materials themselves are responsible for the behaviour o f the 
J-V curve. This explanation does not appear to be valid for typical BHJ solar cells sinee the 
donor and acceptor materials in the active layer have unequal charge mobilities. Therefore, if  
charge mobility imbalance in the active layer was the prominent factor on deciding the shape 
o f  the J-V curve, S-shaped curves would be more common in BHJ solar cells.
Therefore, in the case o f BHJ devices it is more logical to attribute the formation o f S-kinks 
to interfacial /  contact effects rather than the bulk material properties. Further studies by 
Gupta et al?^^ suggests that the bulk limiting factors such as space charge effect due to 
carrier mobility imbalances and strong field dependence o f dissociation efficiencies play a 
secondary role.
A recent study by Finck et gives more insight to the origins o f the S-kinks explaining 
that a drop in conductivity near one o f the contacts is sufficient to induce such anomalous J-V 
curves. The results suggest an imbalance in charge carrier mobility at one o f the contacts 
could arise due to vertical phase segregation (where the concentration o f the donor is higher 
near the top electrode), a “blocking contact” or other interfacial effects.
Based on our results, the appearance o f S-curves is prominent with the use o f  SWNT 
electrodes. Since the conductivity o f  the SWNT front electrodes are relatively low in 
comparison to A1 metal electrodes, the slow charge extraction at the front electrode leads to a 
charge extraction imbalance. This creates charge accumulation near the SWNT electrode 
generating S-kinks in the J-V curve. Hence, in this instance the SWNT electrode acts as a 
“blocking contact” in the device.
However, S-shaped curves are more prominent when a higher spin speed is used to spin coat 
PEDOT iPSS (5000 rpm). As explained earlier the roughness o f the SWNT electrode is higher 
with a thin layer o f PEDOTiPSS. A rough SWNT electrode leads to surface traps / 
inhomogeneities that limits charge extraction. Therefore, the possibility o f  formation o f S- 
kinks is higher with a thinner PEDOTiPSS layer resulting in poor FFs and PCEs.
The formation o f roughness induced S-kinks is further evident by the appearance o f such 
features in m-SWNTs and m/s-SWNTs due to their higher roughness compared to s-SWNTs 
as can be clearly seen from fig. 7.12 (B), (E), (H) optical microscopic images.
A summary o f the device performance characteristics o f the best performing devices utilising 
the three types o f SWNT electrodes are tabulated in Table 7.3. In brief, all the SWNT based 
devices were fabricated using PEDOTiPSS (EtOH) - 3000 rpm (60 nm), active layer 
thickness -  180 nm , BCP - 4 nm and A1 -  40 nm. A reference solar cell with an ITO 
electrode was also fabricated under optimised conditions where PEDOTiPSS (EtOH) was
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spin coated at 5000 rpm (40 nm), thickness o f the active layer, BCP and A1 were 90 nm, 4 
nm and 40 nm respectively.
7 .7.2 A Co m pariso n  of D evice P erform ance B ased  on T he T ype of T he SWNT 
Electrodes
A summary o f the performance characteristics o f the best performing devices using different 
types o f  SWNT electrodes are summarised in Table 7.3 with J-V curves presented in fig. 
7.10. A reference device with a standard ITO electrode is also given for comparison.
Table 7.3. Device characteristics o f best performing solar cells with single layered doped 
SWNT electrodes and an ITO electrode as the reference. The device architecture is 
Glass/SWNTs or ITO/PEDOT:PSS (EtOH)/PTB7:PC7oBM/BCP/AI.
Electrode Type Electrode Sheet 
Resistance (^/o)
Vqc
(V)
Jsc (EQE 
Corrected) 
(mA cm'^)
FF
(%)
PCE
(%)
Rs (n
cm^)
Rsh 
(Q. cm^)
s-SWNTs 715 0.60±
0 .0 2
10.47±
0.24
45.6±
0.8
2 .86±
0.15
16.8± 
0 .6
167±
12
m-SWNTs 716 0.64±
0 .0 2
12.25±
0 .1 0
36.8±
0.5
2.89±
0 .1 0
27.9±
1.5
178±
10
m/s-SWNTs 769 0.58±
0.01
9.55±
0.15
30.2±
1.9
1.67±
0.18
44.6±
0.5
72±9
ITO 15 0.62±
0.01
13.63±
0.09
63.26±
1.2
5.35±
0.22
2.79±
1.4
472.90±
15
The PCEs indicate a similar performance for the s-SWNTs and m-SWNTs whereas; the m/s- 
SWNT electrode gives a poor performance. The Jsc o f m/s-SW NTs is lower than s-SWNTs, 
though both have an equal optical transmission ranging from ~92%-74% in the wavelength 
region, 350-1500 nm (Fig. 7.5 (A) and (C)). The EQE spectra (fig. 7.10) explains the 
reduction o f Jsc which is due to high recombination / poor charge collection (fiirther proven 
by low shunt resistance (Rsh)) in m/s-SWNT devices. The high series resistance (Rs) in m/s- 
SWNTs is an indication o f a high contact resistance between the PEDOTiPSS and the m/s- 
SWNTs,^^^ the same reason for the reduction o f  Voc.^^"* The low Rsh o f  m/s-SW NTs 
indicates high leakage currents and recombination which is due to the roughness o f the film. 
Optical microscopic images (fig.7.12 (B, H, E)) o f the three types o f films clearly show the 
presence o f  holes / particles o f  rough nature o f the m/s-SW NT films where the purity 
increases from m-SWNTs to s-SWNTs. In addition, nano-seale particles on the m/s-SW NT 
layers (fig. 7.12 (G)) could also be observed from the AFM images which lead to poor device 
performance.
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Figure 7.10. J-V characteristics and EQE spectra of the best performing solar cells 
incorporating single layered SWNT electrodes and ITO reference electrode, device 
architecture is Glass/SWNTs or ITO/PEDOT:PSS (EtOH)/PTB7 :PC7oBM/BCP/Al.
An interesting feature in device characteristics is the high Jsc o f m-SWNT incorporated 
devices. When comparing the EQE spectra, the overall EQE is higher for m-SWNTs despite a 
significant dip around 550 -  800 nm in the optical transmission spectra o f m-SWNTs in fig. 
7.5 (B). The increase in EQE o f m-SWNTs due to better charge extraction is omitted as the 
device Rs is higher. Therefore, the increased EQE and Jsc in m-SWNTs are attributed to the 
higher optical transmission in the wavelength range, 350-1500 nm where m-SWNTs shows a 
transmission around 97%-78% and s-SWNTs in the range o f 92%-74%.
a  Rsh
Q /  1 0 -
s-SW N T s m-SW NTs m /s-SW N Ts ITO 
E lectrode Type
Figure 7.11. The variation of Rs and Rsh with the type of electrode used in device 
architecture. ITO shows the best combination of Rs and Rsh where the Rs is lower and 
R sh is higher.
However, the reduced Jsc in s-SWNTs is compensated by the high FF values. This could be 
explained through the relatively low Rg of the s-SWNTs whereas the Rgn is nearly similar in 
magnitude for both s-SWNTs and m-SWNTs. The reason could be less resistance between
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PEDOTiPSS and the s-SWNT electrode, less recombination and the higher roughness o f m- 
SWNTs compared to s-SWNTs.
To further examine the effect o f roughness o f the SWNT electrode, AFM images o f devices 
after active layer and BCP deposition were obtained. The impact o f the roughness o f the 
bottom electrode towards the deposition pattern o f the top transport layer (BCP) is clearly 
visible in fig. 7.12 (C), (F) and (I).
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4 4 .6 3  nm  
m/s-SWNTs
-.6.34 nm
s-SWNTs
y  . 1
r-A. s p a
50 um
m-SWNTs
50 um
50 um
Figure 7.12. Nanoscale morphology of the SWNT films, the device morphology and the 
macroscopic optical images of the SWNT ftlms. (A) is an AFM image (B) is an optical 
microscopic image of s-SWNTs and (C) is an AFM image of the morphology of a device 
with thermally evaporated BCP on the active layer deposited on SW NT/PEDOT:PSS.
(D), (E), (F) and (G), (H), (I) are the same images using m-SWNTs and m/s-SWNTs 
respectively.
It is reasonable to state that the formation o f the cluster patterns o f BCP is templated / 
affected by the bottom SWNT layers as the only variable in the device architecture is the type
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o f SWNT electrode used. The higher roughness leading to poor device performance o f  m/s- 
SWNTs is further reflected through the AFM images showing the separated nature o f large 
BCP clusters in comparison to the other two. Results indicate that in comparison to reference 
ITO, the reduced device performance with SWNTs is significantly governed by the high 
roughness o f  the network films. Other reasons for the better performance with ITO are; (i) 
better optical transmission (8 8 % at 550 nm on glass) that leads to high Jsc and (ii) 
significantly low sheet resistance resulting in higher Jsc, FF and Voc-
7 . 8  E n h a n c e m e n t  o f  D e v ic e  P e r fo r m a n c e  t h r o u g h  Im p ro v e d  
C o n d u c t iv i t ie s  o f  SWNT E l e c t r o d e s
From the results, it is clear that the relatively high sheet resistance o f  the doped SWNT 
electrodes limit the PCEs o f the devices. Therefore, to further increase the device 
performance by decreasing the sheet resistance, thicker films o f s-SWNTs and m-SWNTs 
were fabricated (m/s-SWNTs were not utilised further due to the inherent roughness o f  the 
films). Two layers o f  s-SWNT and m-SWNT films were used as the electrodes. Deposition o f 
the second layer o f SWNTs were carried out after performing step-2 to avoid removal o f the 
bottom layer by a subsequent layer as a result o f  common solvents used (dichlorobenzene). 
The optical transmissions o f both types o f  films were maintained around -72-73%  at 550 nm.
7 . 8 . 1  O p tim isa tio n  o f  T h e  HTL L a y er  T h ic k n e ss
PEDOTiPSS (EtOH) was spin coated at varying spin speeds in the range 1000 rpm-5000 
rpm for 40 seconds and was annealed at a temperature o f  155°C for 10 minutes. The active 
layer consisting o f PTB7 /PC70BM was spin coated at 500 rpm for 2 mins followed by 1500 
rpm for 2 seconds. The thickness o f  the BCP layer was 4 nm as these device fabrication 
parameters gave the best performance o f the devices. However, in this set o f  devices a 
different batch o f PTB7 was used where the molecular weight (Mw) o f  the new batch is 99 k 
(Mw o f  the previous batch -  92k). The device performance characteristics are tabulated in 
Table 7.4 and the corresponding J-V curves are given in fig. 7.13.
According to Table 7.4, in both types o f SWNT electrodes, the PCE reaches a maximum 
value for a 3000 rpm PEDOTiPSS coating speed and drops with increased spin speed. When 
s-SWNTs are considered Voc and Jsc are almost similar for all thickness o f the PEDOTiPSS 
layer. An increase in the device FF is observed for 3000 rpm which gives rise to a slightly 
increased device performance. The low Rsh in the 5000 rpm device is attributed to the 
insufficient thickness o f the PEDOTiPSS layer to reduce the roughness o f the SWNT
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electrode that leads to shunt pathways for the current to flow. Therefore, the optimum spin 
speed is 3000 rpm which shows the maximum R sh (hence, an enhanced FF) resulting in a 
higher PCE. However, it is interesting to note the almost similar PCEs o f  these devices 
irrespective o f  the PEDOTiPSS thickness used.
Table 7.4. Device performance characteristics for double layered s-SW NT and m- 
SWNT electrode incorporated solar cells with varying spin coating speeds for 
PEDOTiPSS deposition. The device architecture is Glass/S WNT s/PEDOT : PS S 
( E t O H ) / P T B 7 : P C 7 o B M / B C P / A l .
Electrode
Type
Electrode
Sheet
Resistance
(D/d)
PEDOTiPSS 
(EtOH) spin 
speed (rpm)
Voc
(V)
Jsc (EQE 
Corrected) 
(mA cm'^)
FF
(%)
PCE
(%)
Rs (D 
cmQ
Rsh 
cm )
s-SWNTs 187 2000 0.68±
0.01
12.333=
0.14
50.43=
1.8
4.223=
0.16
14.8=t
0.8
5283=
12
3000 0.68±
0.03
12.323=
0.21
52.13=
0.9
4.37±
0.11
15.63=
1.5
8223=
9
5000 0.66±
0.01
12.563=
0.16
49.73=
1.1
4.113=
0.22
15.63=
0.5
256=h
6
m-
SWNTs
175 1000 0.64±
0.02
13.033=
0.25
41.63=
2.6
3.473=
0.26
18.93=
0.7
1423=
7
2000 0.64±
0.01
12.813:
0.22
48.43=
2.9
3.963=
0.19
14.5=t
1.2
2793=
13
3000 0.66±
0.04
12.843=
0.17
47.9=b
2.1
4.063=
0.13
14.6=t
0.6
1333=
5
5000 S -  shaped curve
0.66±
0.04
9.823= 0.20 25.13=
1.5
1.62=t
0.25
31.53=
0.06
453=
3
The m-SWNT incorporated devices display an overall reduced PCE when compared to s- 
SWNTs. Once again an optimum spin speed for PEDOTiPSS coating is 3000 rpm with 
almost similar Voc and Jsc values in all the devices. As described earlier the R sh is a 
minimum with PEDOTiPSS at 5000 rpm due to the inadequacy o f the HTL layer to smoothen 
the rough m-SW NT electrode. It is worthy to note the decreased R sh o f  the m-SW NT 
incorporated devices in comparison to s-SWNTs which arises due to the higher roughness o f 
the m-SWNTs. A comparison o f the device performance parameters based on the nature o f 
the SWNTs is given later in section 7.8.3.
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Figure 7.13. J-V characteristics for double layered s-SWNT and m-SWNT electrode 
devices are given in ( A )  and ( C )  respectively where different spin speeds for 
PEDOTiPSS coating has been utilised. The corresponding EQE spectra are represented 
in ( B )  and ( D ) .  The device architecture is Glass/SWNTs/PEDOT :PSS 
( E t O H ) / P T B 7 : P C 7 o B M / B C P / A l .
7 . 8 . 2  O p t im i s a t i o n  o f  T h e  E T L  T h ic k n e s s
The BCP thickness was varied between 0-10 nm to determine the optimum ETL 
thickness when doped SWNT electrodes are utilised. m -SW NTs were used as the 
transparent positive electrode where the device fabrication was carried out as follows; 
PEDOTiPSS (EtOH) was spin coated on double layered doped m-SWNT electrodes at 3000 
rpm for 40 seconds and was annealed at a temperature o f 155°C for 10 minutes. 3000 rpm 
was chosen as it gave the best device performance characteristics in the previous 
experiments. The active layer consisting o f PTB7:PC7oBM was spin coated at 500 rpm for 2 
mins followed by 1500 rpm for 2 seconds. The thickness o f the BCP layer was varied 
between 0-10 nm and a 40 nm thick layer o f A1 was thermally evaporated. The results are 
tabulated in Table 7.5 and the J-V, EQE are given in fig. 7.14.
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Table 7.5. Device performance characteristics for double layered m-SWNT electrode 
solar cells with varying BCP thicknesses. The device architecture is Glass/m- 
SWNTs/PEDOT:PSS(EtOH)/PTB7:PC7oBM/BCP/Al.
Electrode
Type
Electrode
Sheet
Resistance
{QJu)
BCP 
Thickness 
(nm)± 0.1
Voc
(V)
Jsc (EQE 
Corrected) 
(mA cm'Q
FF
(%)
PCE
(%)
Rs (O
cmQ
Rsh 
cm )
m-
SWNTs
175 0 0.623=
0.01
10.393=
0.26
37.13=
1.8
2.393=
0.14
26.83=
0.6
1233=
9
2 0.643=
0.04
11.12=b
0.16
45.43=
2.3
3.233=
0.27
21.93=
1.2
421=t
15
4 0.663=
0.04
12.843:
0.17
47.93=
2.1
4.06=t
0.13
14.63=
0.6
1333=
5
6 S--  shaped curve
0.563=
0.03
8.993= 0.22 15.23=
1.1
0.76±
0.16
343.33=
29
363=
4
10 S--  shaped curve
0.66=h
0.02
7.533=0.14 29.93=
1.7
1.463=
0.10
32.43=
5
753=
8
The introduction o f a thin layer o f BCP enhances all the device performance parameters 
(Voc, Jsc, FF) resulting in higher PCEs. The PCE has been increased from 2.39% to 3.23 % 
by the immersion o f a 2 nm thick BCP layer. The increase in Voc with the introduction of 
BCP is attributed to the higher steady state carrier concentration resulting from low 
recombination rates. The formation o f an Ohmic contact leading to lower recombination is 
evident by the increase in R sh and reduction o f  Rs once BCP is introduced. Several groups 
have also shown similar behaviour in the presence o f BCP in BHJ devices which is attributed 
to the formation o f  an Ohmic contact between the active layer blend and the A1 electrode in 
the presence o f BCP
Another indication o f low recombination rates with the deposition o f BCP is the enhanced Jsc 
in devices. Hong et al?^ have reported the importance o f prevention o f  formation o f 
fullerene-Al contacts leading to surface dipole moments that quenches the photo generated 
charges. Therefore, BCP acts as a buffer layer in preventing the diffusion o f A1 to the active 
layer that minimises metal induced quenching effects due to the formation o f fullerene-Al 
charge transfer s t a t e s . T h e  minimisation o f reeombination processes at the active 
layer -  A1 electrode and better charge collection leads to higher Jsc values.
Aceording to Table 7.5, the increased FF with the introduction o f BCP is mainly governed by 
the enhanced R sh value. As the BCP interfacial layer minimises the diffusion o f hot thermally 
evaporated A1 atoms into the active layer this avoids structural deformations in the active
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layer blend. Thus, lower leakage currents are produced in the device as a result o f prevention 
o f thermal evaporation induced shunt pathways.
The best PCE of the devices were observed with a 4 nm thick BCP layer with highest Voc, 
Jsc and FF values. This indicates that 4 nm is the optimum thickness that provides a 
maximum coverage between the active layer and the A1 electrode to act as an efficient buffer 
/ barrier layer. Therefore, higher Vqc and Jsc are due to the better charge extraction / lower 
recombination due to the formation o f a better Ohmic contact when 4 nm is used. The higher 
FF is governed by the lower Rs o f the device which once again ascertains the better Ohmie 
nature o f the contact.
However, as the BCP thickness is raised beyond 4 nm S-kinks in the J-V curves are observed 
(fig. 7.14). The illuminated currents are reduced beyond 4 nm due to the insulating nature o f 
BCP films with increased thickness. Thus, a charge extraction imbalance could be generated 
as a result o f insulating nature o f the contact generating S-kinks in the J-V curves.
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m -S W N T sB C P  2 n m
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B C P  6 n m
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Figure 7.14. J-V characteristic curves and the corresponding EQE spectra for double 
layered m-SWNT electrode devices with varying B C P  thicknesses are given in ( A )  and 
( B )  respectively. The device architecture is Glass/m-SW NTs/PEDOT:PSS 
( E t O H ) / P T B 7 : P C 7 o B M / B C P / A l .
7 . 8 . 3  Co m p a r is o n  o f  T y p e s  o f  S W N T  E l e c t r o d e s  in  D e v ic e s
A summary o f the best performing devices with optimised PEDOTiPSS and BCP thicknesses 
are given in Table 7.6 and the J-V, EQE characteristics are shown in fig. 7.15. In brief, two 
layers o f doped s-SWNTs and m-SWNTs were used as the front electrode followed by 
deposition o f PEDOTiPSS (EtOH) at 3000 rpm for 40 s. The PEDOTiPSS coated SWNT 
electrodes were thermally annealed at 155 °C for 10 mins. The active layer consisting o f 
PTB7iPC7oBM was spin coated using a two-step process; first step at 500 rpm for 2 mins and
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second step at 1500 rpm for 2 second. BCP layer thickness was 4 nm and a 40 nm thick A1 layer 
was thermally evaporated as the back electrode.
A reference device with ITO was also fabricated for comparison o f the device performance. 
PEDOTiPSS (EtOH) was spin coated at 5000 rpm for 40 s followed by thermal annealing 
155 °C for 10 mins. Active layer was spin coated at 1000 rpm for 2 mins. The thickness o f  the 
BCP and A1 layers were 4 nm and 40 nm respectively. These device fabrication conditions 
gave the best performance characteristics in the ITO based reference devices (Table 7.6 and 
fig. 7.15). It should be noted that the higher PCE o f the reference device given in Table 7.6 
(PCE ~ 7.3%) compared to Table 7.3 (PCE ~ 5.3) is due to the use o f a different batch o f 
PTB7 in the two instances.
Table 7.6. Device characteristics o f best performing solar cells with double layered s- 
SWNT, m-SWNT electrodes and with an I T O  electrode as the reference. The device 
architecture is Glass/SWNTs or I T O / P E D O T : P S S  ( E t O H ) / P T B 7 : P C 7 o B M / B C P / A l .
Electrode
Type
Electrode
Sheet
Resistance
( H /n )
PEDOTiPSS 
(EtOH) spin 
speed (rpm)
Voc
(V)
Jsc (EQE 
Corrected) 
(mA cm'Q
FF
(%)
PCE
(%)
Rs 
cm )
R sh  
cm )
s-SWNTs 187 3000 0.68+
0.03
12.32+
0.21
52.1+
0.9
4.37+
0.11
15.6+
1.5
822+
9
m-SWNTs 175 3000 0.66+
0.04
12.84+
0.17
47.9+
2.1
4.06+
0.13
14.6+
0.6
133+
5
ITO 15 5000 0.68+
0.01
14.84+
0.15
72.4+
0.1.6
7.30+
0.05
2.5+
0.4
1816+
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In terms o f the PCEs, s-SWNT electrodes perform slightly better in comparison to m- 
SWNTs. Though the Rs o f m-SWNTs is slightly lower than that o f s-SWNTs, the FF is 
dominated by the large increase in R sh in s-SWNTs. The reason is low leakage currents due 
to smoother /  purer s-SWNT films as seen in fig. 7.15 (D) and (G). In comparison to ITO 
based devices, a lower Jsc is observed as a result o f  lower optical transmission and relatively 
high sheet resistance in SWNT films.
In this case, the poor R sh o f the m-SWNT device is attributed to the leakage currents due to 
the presence o f particulates /  uneven nature o f the m-SW NT films as seen in fig. 7.15 (D), 
(G) optical microscopic images. From the AFM images, the RMS roughness o f a 
PEDOTiPSS coated (3000 rpm) m-SWNT film is 2 .26+0.14 nm and the s-SWNT films has a 
roughness o f 1.50+0.16 nm. Therefore, better device performance is expected from m- 
SWNTs if  the leakage currents are reduced.
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Figure 7 .1 5 .  J-V characteristics, EQE spectra of devices and the film morphology. ( A )  J- 
V characteristics of the SWNT electrodes and ITO based devices and ( B )  represents the 
respective EQE spectra. The device architecture is Glass/SWNTs/ or ITO/PEDOT:PSS 
( E t O H ) / P T B 7 : P C 7 o B M / B C P / A l .  ( C )  is an A F M  image (D) is an optical microscopic 
image o f s-SWNTs and (E) is an A F M  image of the morphology of a device with 
thermally evaporated B C P  on the active layer deposited on SWNT/PEDOT:PSS. (F), 
( G ) ,  ( H )  are the same images using m-SWNTs.
- 1 6 0 0
-1 4 0 0  ^
-1200  EA  Rs
-1000  2
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Figure 7.16. The variation of Rs and Rsh with the type of electrode used. ITO shows the 
optimum combination of the parameters with lower Rs and higher Rsh values.
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The AFM images o f  the devices after BCP evaporation (fig. 7.12 (C), (F) vs. fig. 7.15 (C), 
(F)) further proves the importance o f the coverage o f the active layer from the ETL (BCP) 
where devices show poor performance with lower BCP coverage. Therefore, better device 
performance is expected with better ETLs that cover the whole active layer surface with a 
thin film, where BCP forms dispersed clusters (not a continuous film) on the active layer 
surface.
7 .9  D e v ic e  P e r fo r m a n c e  w i t h  T h ic k e r  SWNT E l e c t r o d e s
An additional set o f devices with further thicker SWNT electrodes were fabricated using
three layers o f s-SWNTs. The purpose o f this study was to determine the optimum layer
thickness o f the SWNT electrodes. The device fabrication process was carried out as follows:
Pre-cleaned glass coated with three layers o f  doped s-SWNTs after the acid soaking was used
as the positive semi-transparent electrode. PEDOTiPSS (EtOH) was spin coated at speeds in
the range o f 2000 - 5000 rpm for 40 seconds on the electrode films followed by thermal
annealing at 155 °C for 10 mins. A two-step spin coating process was used for the spin
coating o f the active layer; first step at 500 rpm for 2 mins and second step at 1500 rpm for 2
seconds. BCP and A1 were thermally evaporated such that the respective thicknesses were 4
nm and 40 nm. The device performance o f the devices under AM  1.5 G illuminated light are
tabulated in Table 7.7 and the corresponding J-V, EQE curves are shown in fig 7.17.
Table 7.7. Device performance characteristics for triple layered s-SWNT electrode solar 
cells with varying spin coating speeds for PEDOTiPSS deposition. The device 
architecture is Glass/s-SWNTs/PEDOTiPSS ( E t O H ) / P T B 7 : P C 7 o B M / B C P / A l .
Electrode
Type
PEDOTiPSS (EtOH) 
spin speed (rpm)
Voc
(V)
J sc  (EQE 
Corrected) 
(mA cm'^)
FF
( % )
PCE
( % )
R s  ( Q
cm^)
R sh 
(£2 
cm )
s-SWNTs 2000 0.6 6 ±
0.01
1 0 .5 7 ± 0 .1 1 5 8 .4 ±
2.8
4 .0 7 ±
0 .0 3
11.9± 
0 .3
8 0 3 ±
1 9
3 0 0 0 0.6 6 ±
0.02
1 1 .1 0 ± 0 .0 5 5 6 .1 ±
1 .5
4 .1 1 ±
0 .0 5
10.0 ±
0.2
688±
26
4 0 0 0 0.6 6 ±
0.01
11.2 1 ±  0 .0 9 4 3 .6 ±  
2 .4
3 .2 2 ±
0 .0 4
1 3 .5 ±
0 .5
1 6 0 ±
9
5 0 0 0 0.6 6 ±
0.01
1 1 .1 8 ± 0 .0 4 5 6 .9 ±
1.1
4 .2 0 ±
0.01
1 0 .9 ±
0 .5
6 5 1 ±  
2 4
From the obtained results it is evident that further improvements in the device performance 
are not obtained with increasing SWNT electrode thickness. When the device characteristics 
in Table 7.7 are compared with Table 7.6 lower Jsc values are observed when the electrode 
thickness is higher. Jsc mainly depends on the two factors; (i) carrier generation and (ii)
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charge collection at the eleetrodes. In this case, since the Rs o f the deviees with thicker 
SWNT eleetrodes are lower, better charge collection at the electrode is expected for thicker 
SWNT films. Therefore, the reduced Jsc with higher electrode thickness is attributed to the 
loss in optical transmission giving rise to low exeiton generation rates.
The FF values are higher when thicker eleetrode films are used (Table 7.6 Vs Table 7.7) 
whieh is due to the lower Rs with increased thickness. A lower Rs is expected with inereased 
thickness as the sheet resistance o f the films drop drastieally with SWNT layer thiekness (1 
layer ~ 700 fl/o ) and 2 layers ~ 200 fl/o ). However, the effect o f increased FF is 
compensated by the decreased Jsc (low optical transmission) which limits the PCEs o f the 
devices with thieker electrodes. Hence, a s-SWNT layer with ~ 200 fl/o  sheet resistance and 
~ 70% optical transmission at 550 nm yields the best device performance. Therefore, better 
PCEs are expected if  the sheet resistance o f the s-SWNTs could be brought down further 
without sacrificing the optical transmission.
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Figure 7.17. J-V characteristic curves and the corresponding EQE spectra for triple 
layered m-SWNT electrode incorporated solar cells are given in ( A )  and ( B )  
respectively. Varying spin speeds between 2000-5000 rpm for PEDOTiPSS deposition 
has been used to optimise device performance. The device architecture is Glass/s- 
SWNTs/PEDOTiPSS ( E t O H ) / P T B 7 : P C 7 o B M / B C P / A l .
7 . 1 0  A  C o m p a r iso n  w i t h  L i t e r a t u r e
Over the years many reaserch groups have foeussed on the replacem ent o f  ITO with 
CNTs for several reasons. Among them the major drawbaek o f ITO is its brittleness 
whieh limits the use o f  ITO in flexible eleetronic d e v i c e s . F o r  example, Rowell et al.^^ 
have performed bending studies on organie solar cells fabricated with SW NT electrodes 
on flexible polyethylene terephthalate (PET) substrates where the results indieate no 
degradation o f PCE when the device is folded over down to a radii o f  curvature o f  -  5
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mm. In an identical device fabricated using ITO, the PCE degrades at a radius o f -  I cm 
with visible fracture o f  the ITO layer at a radius o f  -  5mm.
Another shortcoming o f ITO usage is the scarcity o f  In, where its supply is constrained 
by geo-political as well as mining i s s u e s . T h i s  makes ITO expensive since a weight 
fraction o f  -80-90%  o f  a typical ITO film constitutes In. Therefore, carbon being a 
cheaper and an abundant source makes carbon nanotubes a favourable electrode material. 
In addition, the solution processability o f CNTs as opposed to vacuum  deposition used 
for ITO film fabrication allows the production o f large area CNT electrodes using 
printing techniques.
However, there are several lim itations o f  CNTs that needs to be addressed prior to large 
scale production o f solar cells utilising CNT electrodes. Shorting o f the devices due to 
protruding CNTs, higher roughness o f  the films and the relatively high sheet resistance
are the major problem s o f CNTs compared to ITO films. 287
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Figure 7.18. PCEs of BHJ solar cells utilising CNTs as the hole collecting electrode  
reported in the literature (2005-Pasquier et 2006-Rowell et Lagem aat et 
and 2009-Feng et and Tenent et al}^^ 2010-Kim  et and Barnes et 
The point marked with an arrow is the maximum PCE reported in this 
chapter.
Figure 7.18 represents the PCEs o f BHJ solar cells reported in the literature (from 2006) 
with CNT electrodes as a replacem ent for ITO. The PCEs o f the devices incorporating 
CNTs and the reference devices employing ITO reported in each work is tabulated in 
Table 7.8.
Based on the above publications, the PCE o f the devices utilising CNT electrodes are 
either better or comparable to ITO based devices and thus, it is concluded that CNTs 
could act as an alternative electrode material for ITO. However, it is interesting to note 
that the reference ITO based devices in a m ajority o f  publications are non-optim ized and
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are devices fabricated using identical device fabrication steps (sim ilar thicknesses o f  the 
charge extraction and active layers for both types) used for CNT incorporated cells.
For example, Pasquier et al.^^ have used an active layer thickness o f  800 nm for the 
reference ITO based device where the known optimum thickness for a P3HT:PCBM  
active layer is ~ 220 nm.^^^’ Lagemaat et have used an active layer thickness 
(P3HT:PCBM ) o f  0.5-1 pm in the fabrication o f  ITO reference device. Similarly, Barnes 
et al}^^ have also used thicker active layers (900 nm) for ITO reference devices which is 
not the optimum active layer thickness in such devices.
Table 7.8. The PCEs o f the BH J solar cells incorporating CNT electrodes and the 
reference devices em ploying ITO reported in each work.
Year Device Architecture PCE (%) Reference 
ITO device 
PCE (%)
Ref.
2005 Glass/SWNTs/PEDOT:PSS/P3HT:
PCBM/Gailn
1.0 0.7 Pasquier et
2006 Glass/SWNTs/PED0T:PSS/P3HT:
PCBM/Al
1.5 2 Lagemaat et al.^^
2006 PET/SWNTs/PED0T:PSS/P3HT:
PCBM/Al
2.5 3 Rowell et al}^
2009 Glass/FWNTs/P3HT:PCBM/Al 0.6 0.7 Feng et
2009 Glass/SWNTs/PEDOT:PSS/P3HT:
PCBM/Ca/Al
3.1 3.6 Tenent et
2010 Glass/SWNTs/PEDOT:PSS/P3HT:
PCBM/LiF/Al
2.3 2.3 Kim ef
2010 Glass/SWNTs/PED0T:PSS/P3HT:
PCBM/Ca/Al
4.1 3.5 Barnes et al.
Rowell et al?^ and Tenent et do not m ention the thickness o f  the layers used for 
reference device fabrication although Tenent et have reported that the Jsc values 
and PCEs given (for both CNT and ITO devices) are slightly inflated due to device 
m easurem ent errors. Even though, Feng et al}^^ do not specify the active layer thickness 
o f  the reference ITO device, the PCE o f 0.68%  is significantly low for an optim ised 
P3HT/PCBM  device which indicates that identical layer thicknesses m ight have been 
used for both CNT and ITO based devices.
Therefore, the assesm ent o f  the performance o f  CNTs with ITO electrodes is irrational 
when non-optim ised reference devices are used for comparison. However, it should be 
noted that the perform ance o f  the reference devices given in this chapter are for 
optimised, best perform ing ITO based solar cells. A reference ITO device fabricated 
using identical layer thicknesses (PEDOTiPSS spin coated at 3000 rpm and the active 
layer P T B 7:P C 7oB M  spin coated at 500 rpm) gives a V qc o f  0.62 V , Jsc o f  13.15 m A cm '
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 ^ and a FF o f  60.10 % generating a PCE o f  4.9 %. The PCE o f  the best perform ing s- 
SW NT electrode incorporated device (PCE ~ 4.4%) is 90% in term s o f  PCEs achieved 
using ITO based devices with identical film fabrication param eters. Therefore, in 
comparison to such reference devices, the devices fabricated in this study, work as good 
as /  better than the work reported in the literature for devices using CNTs as a 
replacem ent for ITO.
However, as previously discussed, further w ork is needed to decrease the transm ission o f  
the SW NT layers, increase the conductivity and to fabricate smoother SW NT layers that 
will allow the utilisation o f  CNTs as an alternative m aterial for ITO.
7 . 1 1  Su m m ary
A simple drop casting technique followed by thermal annealing at 300°C and HNO3 acid 
treatment was utilised to fabricate highly conductive semi-transparent SWNTs o f  three 
different types; s-SWNTs, m-SWNTs and a mixture o f m/s-SWNTs. AFM and FTIR analysis 
proved the removal o f the initial wrapped polymer (rr-P3HT) o f the nanohybrids under 
thermal treatment. The intercalation o f HNO3 molecules into the SWNT network during the 
acid soaking process was confirmed through FTIR spectra. As a result o f  acid soaking, an 
increase in the optical transmission o f  the SWNT films was observed due to the removal o f 
carbonaceous impurities present.
A significant dip in sheet resistance o f the SWNTs was also observed as a result o f  acid 
soaking. Optical transmission spectroscopy was used to assign the enhanced electrical 
conductivities to a hole doping effect caused by the Bronsted acid. The hole doping effect 
causing a drop in sheet resistance is discussed based on a mechanism o f  Fermi level pinning 
to the valence band o f the SWNTs. The results suggest that s-SWNTs show a higher affinity 
towards hole doping by acids while m-SWNTs show a high resistance towards doping. An 
overall drop in sheet resistance by 80 -  90 % is obtained from acid soaking allowing the use 
o f doped SWNT films as semi-transparent electrodes in BHJ organic solar cells.
Initially, a single layer o f  the three types o f  doped SWNTs was incorporated as electrodes in 
fabrication o f devices. The results suggest the importance o f the film morphology / roughness 
o f the electrodes by yielding poor performance in m/s-SW NT incorporated solar cells. AFM 
analysis revealed the impact o f the roughness o f  the bottom electrode towards the deposition 
o f thermally evaporated BCP by generating varying patterns o f BCP grains on the device 
active layer. However, a thicker layer o f  PEDOTiPSS was used in these devices in 
comparison to reference ITO based devices to avoid the appearance o f  anomalous S-shaped
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features in device J-V curves. According to the initial results, m/s-SWNTs were not used for 
further device optimisation due to their intrinsic high roughness visible in micro scale.
Further optimisation o f the devices was carried out using thicker layers o f  s-SWNTs and m- 
SWNTs (two layers). The optimum parameters for the deposition o f PEDOTiPSS and BCP 
layers was also performed where the best device performance was displayed by s-SWNTs 
with a PCE o f  ~ 4.4%. The results suggest the high importance o f the roughness o f  doped 
SWNTs towards device performance over the electronic type o f the SWNT.
A set o f devices were fabricated with 3 layers o f s-SWNTs to determine the optimum 
electrode layer thickness. However, a drop in optical transmission due to the thickness o f the 
electrode lowers the Jsc o f the device limiting the PCE to 4.2%. Therefore, better device 
PCEs are expected if  methods are employed to further reduce the sheet resistance o f the 
SWNT films without sacrificing the optical transmission.
A comparison o f the data reported in the literature for CNT electrode based BHJ solar cells 
suggest that the CNTs could be used as a replacement for ITO. However, a majority o f  the 
publications reveal that the ITO reference devices fabricated for comparison o f performance 
with CNT based devices are non-optimised and hence, cannot be used for the evaluation o f 
the two materials. I f  a similar analysis is performed based on identical device fabrication 
parameters and film thicknesses, the best performing s-SWNT electrode devices gives a PCE 
o f 90% compared to PCEs achieved using ITO electrodes.
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Ch a p t e r  8  
Co n c l u sio n s  a n d  F u t u r e  W o r k
8 .1  Co n c lu sio ns
The main aim o f  this project was to flinctionalise CNTs to use in organic-inorganic hybrid 
fourth generation solar cells. Attention was given to non-covalent functionalisation 
techniques due to its ability to retain the inherent charge transport properties o f the CNTs 
without disturbing the n-n conjugation by tube damaging. A polymer wrapping method based 
on rr-P3HT was chosen due to the optical activity and the wide use o f rr-P3HT in OPVs. The 
ability o f the rr-P3HT wrapped s-SWNT nanohybrids to act as efficient HTLs in BHJ OPVs 
was proven and the incorporation o f acid treated, hole doped SWNTs as transparent hole 
collecting electrodes was also demonstrated.
8.1.1 rr-P3HT W ra ppin g  of s -S W N T s and  Charge T ransfer  Characteristics
Analysis o f rr-P3HT wrapped s-SWNT nanohybrids reveals a higher conjugation length 
imparted to the polymer by a templating effect by the s-SWNTs making rr-P3HT more 
ordered/crystalline in the wrapped state. The charge transfer studies based on XPS, Raman 
spectroscopy and FET measurements suggests a charge transfer process from the s-SWNTs to 
the polymer leaving the s-SWNTs hole doped in the nanohybrid system. The charge transfer 
process alters the ionisation potential o f the SWNTs to a higher value (-4 .9  eV) making the 
hole doped s-SWNTs a suitable candidate for hole transportation in solar cells. By fabrication 
o f “hole only” devices, the ability o f nanohybrids to act as exeiton dissociation centres is 
demonstrated further suggesting that the nanohybrid system has a high potential toward 
acting as efficient HTLs in OPVs.
8.1.2  Efficient  H ole Extraction  of Nan o h ybrid  HTLs in OPVs
Devices based on BHJ architecture using two different active layer systems: rr- 
P3HT:PC7oBM  and PTB7:PC7oBM were fabricated using nanohybrids as HTLs. The 
incorporation o f  the nanohyrid HTLs increases the FF o f the devices drastically, where a 12% 
enhancement in FF was observed for rr-P3HT:PC7oBM devices and a 32% increase was 
obtained for PTB7:PC7oBM devices. When compared to devices without a HTL layer and 
with a PEDOTiPSS layer, it is the significant improvement o f the FF that governs the high
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PCEs when nanohybrids are used. The increase in FF is attributed to a formation o f  a better 
Ohmic contact between the active layer and the ITO electrode, effective selection o f holes 
while blocking the electrons and a templating effect on the rr-P3HT in the active layer by the 
rr-P3HT in the nanohybrids through tc-te stacking alignments.
The comparable performance o f the devices with nanohybrid HTLs (PCEs o f  3.4% for rr- 
P3HT:PC7oBM and 7.6 % for PTB7:PC7oBM devices) and PEDOTiPSS utilised devices 
(PCEs o f 3.7% for rr-P3HTiPC7oBM and 7.3% for PTB71PC70BM devices) suggests that the 
nanohybrid system is a potential alternative towards replacing the most commonly used 
PEDOTiPSS in OPVs. The PCE o f 7.6 % o f  the nanohybrids incorporated devices under AM
1.5G irradiation is also the highest efficiency reported to date using CNTs as hole extraction 
layers.
8 . 1 . 3  S e l e c t iv e  H o l e  D o p in g  o f  S W N T s  b y  A c id  T r e a t m e n t  a n d  T h e  U se  a s  H o le  
Co l l e c t in g  T r a n s p a r e n t  E l e c t r o d e s  in  OPVs
After the successful use o f nanohybrids as HTLs, the possibility o f  using nanohybrids as 
transparent hole collecting electrodes was analysed. The conductivity o f  the SWNTs was 
enhanced by the removal o f  the surrounding polymer followed by an acid treatment process 
that leads to significant hole-doping o f the SWNTs. Type separated SWNTs were used (m- 
SWNTs and s-SWNTs) in this work and the optical transmission spectra and sheet resistance 
measurements show that the s-SWNTs are hole doped to a greater extent than m-SW NTs 
through HNO3 treatment. The hole doping is expected to shift the Ep towards the valence 
band o f the SWNTs and subsequent Ep pinning to the valence band. The Ep pinning 
mechanism increases the charge concentration in the Ep o f the SWNTs thus increasing the 
conductivity o f SWNTs with acid treatment.
The performance o f  the OPV devices with SWNT electrodes suggest that s-SWNTs (PCE o f 
4.4%) perform slightly better in comparison to m-SWNTs (PCE o f 4.1%) due to the relatively 
high roughness o f  m-SWNTs used. Therefore, we conclude that irrespective o f the type o f the 
doped SWNTs, the OPV device performance lie on the roughness o f  the film used. The 
successful use o f  SWNT electrodes in solar cells compared to ITO is limited by the inherent 
roughness o f the SWNT networks, relatively high sheet resistance and low optical 
transmission and better device performance is expected with smoother electrode films.
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8 .2  F u t u r e  W ork
8.2.1 Self-A lignm ent  of N ano h ybrid s into  a Grid A rchitecture
From the AFM images o f spin coated networks o f rr-P3HT/s-SWNTs a grid like architecture 
is observed which is thought to be due to a self-alignment process o f nanohybrids. Fig, 8.1 
shows the mesh structures formed by nanohybrids where fig. 8.1 (A) represents magnified 
images o f three different points o f a thick network spun using a 0.5 mg m f ’ concentrated s- 
SWNT solution. It is interesting that the same pattern is retained even in diluted samples 
where fig. 8.1 (B) is spin coated using a 0.02 mg m f ' solution. The inset o f fig. 8.1 (B) is a 
plot between the number o f nanohybrids and angle o f orientation (0) to an arbitrary direction. 
A bimodial distribution o f the nanotube orientation (0) reveals an orthogonal orientation o f 
two successive layers o f nanohybrids.
/  •  :
2 9 .6 3  nm
^ . 3 0 nm
Figure 8.1. AFM images of the rr-P3HT/s-SWNTs spin coated on ITO/glass. (A) 
Magnified images o f a highly dense percolative network of nanohybrids spin coated 
from a -0 .5  mg ml^ solution. The images of areas illustrates the orientational order of  
different layers of nanohybrids with highly aligned nanohybrids in separate layers (the 
AFM images are false colored for clarity). (B) A spin coated film of nanohybrids from a 
0.02 mg ml^ solution. (Inset) A bimodial distribution of the nanotube orientation (0) to 
an arbitrary direction in indicates an orthogonal orientation of two successive layers of 
nanohybrids.
Based on the charge transfer analysis given in chapter 5.7 and 5.9, the rr-P3HT helix 
surrounding the s-SWNT is known to possess a slightly negative charge due to charge 
transfer between the polymer and the s-SWNT. Therefore, inorder to achieve a minimum 
energy state with minimum repulsions between the like charges the optimum orientation o f 
the nanohybrids in the first layer would be a parallel alignment. The formation o f the next 
aligned layer is also driven towards minimisation o f energy o f the system where such a state
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is achieved through alignment o f  the nanohybrids o f the top layer orthogonal to the bottom 
layer resulting in grid like architectures.
However, the mechanism o f formation o f such architectures is debatable. Therefore, 
simulations that model the total energy o f  the system with different alignments are needed to 
clarify the hypothesis and to confirm the formation o f mesh structures.
8 . 2 . 2  E x c it o n  D y n a m ic s  o f  Ch a r g e  T r a n s f e r
The dynamics o f the charge transfer process and the behaviour o f  excitons are important 
factors in terms o f  the applicability o f rr-P3HT/s-SWNT nanohybrids in optoelectronic 
devices. For example, the life time o f the excitons and recombination properties in the 
nanohybrids are crucial if  they are used in solar cells. Therefore, in order to determine the 
above dynamic processes, ultrafast (femtosecond) transient absorption spectroscopic 
measurements are needed.
8.2.3  N e g a t iv e  c h a r g e  T r a n s f e r  F r o m  S W N T s  t o  rr-P3HT
As explained earlier in chapter 5.7.1.1 the charge transfer interactions between the s-SWNTs 
and rr-P3HT are believed to initiate at Ca and Cp positions in the thiophene ring o f rr-P3HT 
where the extracted charges are subsequently delocalized throughout the thiophene ring. 
However, more studies based on computational analysis /  spectroscopic techniques are 
needed to confirm the positions o f  charge transfer interactions, charge delocalization o f  the 
additional charges on the thiophene ring and the extent o f charge delocalization. This will 
give more insight into the molecular level picture o f charge transfer process and the 
mechanism o f charge extaction.
8 . 2 . 4  I n c o r p o r a t i o n  o f  Ca r b o n  N a n o t u b e s  in  S o l a r  Cel l  A c t iv e  La y e r s
In this project the polymer wrapped nanohybrids have been successfully utilised as HTLs and 
hole collecting electrodes. Considering the ability o f nanohybrids to act as additional exciton 
dissociation centres (explained in chapter 5.10 and chapter 6.10) and the enhancement in 
transport o f dissociated charges towards the hole collecting electrode an increased Jsc is 
expected if  used in the active layer material blend. Furthermore, by tuning the doped nature 
o f the SWNTs (p-type or n-type) it is also possible to control preferential charge transfer by 
the CNTs following exciton dissociation. Therefore, it is worthwhile that future studies are 
carried out in optimising CNT incorporated solar cells that will lead to flexible, light weight, 
entirely solution processable / printable OPVs with higher PCEs.
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